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Abstract 
 
The drive for miniaturisation and personalisation of electronic devices demand challenging manufacturing 
methods with greater performing new materials. Carbon nanotubes (CNTs) have proven to possess 
electronic and mechanical properties that are critically beneficial to be utilised in a wide range of 
electronic applications. The ability to design directionally-aligned, high aspect ratio, type and 
geometrically selective CNT-based hybrid structures greatly match the complex and demanding needs of 
electronic and electromechanical systems. This work explores a hierarchical materials design approach, 
based on hybrid, multi-functional, aligned-CNT structures to improve the performance of 
microelectromechanical architectures and to minimise the limitations and complexity of conventional 
metal and/or semiconductor-based systems.  
First, this thesis demonstrates on-chip fabrication of arrays of vertically-aligned multiwall carbon 
nanotubes (MWCNTs) deposited via photo-thermal chemical vapour deposition (PT-CVD) at temperatures 
that are fully compatible with the integrated circuit processes. CNTs can have the ability to act as 
compliant small-scale springs or as shock resistance micro-contactors. This work investigates the 
performance of vertically-aligned CNTs (VA-CNTs) as micro-contactors in electromechanical testing 
applications for testing at wafer-level chip-scale-packaging (WLCSP) and wafer-level-packaging (WLP). 
Fabricated on ohmic substrates, 500-µm-tall CNT-metal composite contact structures are 
electromechanically characterised. The probe design and architecture are scalable, allowing for the 
assembly of thousands of probes in short manufacturing times, with easy pitch control. The effect of the 
metallisation morphology and thickness on the compliance and electromechanical response of the metal-
CNT composite contacts is discussed. Pd-metallised CNT contactors show up to 25 μm of compliance, with 
contact resistance as low as 460 mΩ (3.6 kΩ/µm) and network resistivity of 1.8x10-5 Ω cm, tested up to 
25000 touchdowns, with 50 μm of over-travel, displaying reproducible and repeatable contacts with less 
than 5% contact resistance degradation. Failure mechanisms are studied in-situ and after cyclic testing 
show that, for the top cap and sides metalised contacts, the CNT-metal shell provides stiffness to the 
probe structure in the elastic region, whilst reducing the contact resistance. It is demonstrated here that 
the stable, low resistance achieved combined with the high repeatability and endurance of the 
manufactured probes make hybrid CNT micro-contacts a viable candidate for small pitch (< 50 μm) 
electromechanical probing applications.  
Whilst this research project initially focused on the fabrication and the characterisation of CNT micro-
contact, it also explored CNT-based flexible and wearable strain sensors for human motion detection. 
Recent interest in the fields of human motion monitoring, electronic skin and human-machine interface 
technology demand strain sensors with high stretchability/compressibility (ε > 50%), high sensitivity (or 
gauge factor (GF > 100) and long-lasting electromechanical compliance. However, current metal and 
semiconductor-based strain sensors have very low (ε < 5%) stretchability or low sensitivity (GF < 2), 
typically sacrificing the stretchability for high-sensitivity. Composite elastomer sensors are a solution 
where the challenge is to improve the sensitivity to GF > 100.  In this thesis, a simple, low-cost fabrication 
of mechanically compliant, physically robust hybrid CNT/polydimethylsiloxane (PDMS) strain sensors is 
proposed. The process allows the alignment of CNTs within the PDMS elastomer, permitting directional 
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sensing. Aligning CNTs horizontally (HA-CNTs) on the substrate before embedding in the PDMS reduces 
the number of CNT junctions and introduces scale-like features on the CNT film perpendicular to the 
tensile strain direction, resulting in improved sensitivity compared to VA-CNT-PDMS strain sensors under 
tension. The CNT alignment and the scale-like features modulate the electron conduction pathway, 
affecting the electrical sensitivity. Resulting GFs are 594 at 15 % and 65 at 50 % strains for HA-CNT-PDMS 
and 326 at 25 % and 52 at 50 % strains for VA-CNT-PDMS sensors. Under compression, VA-CNT-PDMS 
show more sensitivity to small-scale deformation than HA-CNT-PDMS due to the CNT orientation and the 
continuous morphology of the film, demonstrating that the sensing ability can be improved by aligning 
the CNTs in certain directions. Furthermore, mechanical robustness and electromechanical durability are 
tested for over 6000 cycles to up to 50 % tensile and compressive strains, with good frequency response 
with negligible hysteresis. Finally, both types of sensors are shown to detect small-scale human motions, 
successfully distinguishing various human motions with reaction and recovery times of as low as 130 ms 
and 0.5 s respectively.   
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with different metallisation models. Ti-graphite model was scaled by 1:3. (b) Contact resistance per 
square nanometer at the metal-graphite interface using different metals. Reproduced from 
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close up with the tube visible under tension. (c) and (d) show details of the details of nanotube 
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xvii 
 
Figure 2-14. Failure mechanisms observed during the deformation of composite CNT-Au probes. (a) A 
circular Au sputtered probe before deformation (b) After deformation showing failure at the top 
and bottom. (c) a square column is shown after the deformation; here top failure mechanism is 
similar however the bottom section showed less plastic deformation. (d) Close up of (c) at the 
bottom showing the plastic deformation. The heights of these columns are approximately 500 µm. 
(e) Electromechanical performance of a 200 µm x 200 µm metal-CNT column under cyclic load. 
Obtained from Yaglioglu et al. 8 with permission............................................................................ 46 
Figure 2-15. Various fabrication methods of stretchable strain sensors. a) Filtration method; transferring 
thin films from a donor substrate to a polymer-targeted substrate by penetration of the liquid 
polymers. Reproduced from196 with permission. Coating technique; coating of material solutions on 
the top of flexible polymers to form nanomaterial thin films-polymer composites; inset: air-spray 
coated graphene thin film on the PET substrate. Reproduced from Hempel et al.180 with permission. 
Transferring process; transmitting thin films from one substrate to another substrate by using an 
intermediate substrate. Adapted from Bae et al.179 with permission. Printing approach; printing 
nanomaterial inks onto flexible polymer substrates by deposition nuzzles.192 Solution mixing; 
fabrication of nanomaterial fillers-polymers nanocomposites. Reproduced from Kong et al.23 with 
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Figure 2-16. The described sensing mechanism of the strain sensor. a) Schematics of the CNTs embedded 
in the polymer. b) Optical images of CNTs under different strains during the stretch and release 
cycle (scale bar: 1 mm). Adapted from Lee et al.193 with permission.............................................. 53 
Figure 2-17. Microcrack generation in conducting thin films to moderate electron conduction on flexible, 
stretchable substrates. a) Microcrack opening induced in the AgNP thin film on the PDMS substrate 
by the applied strain. Reproduced from Lee et el.205 with permission. b) Gap widening with 
suspended CNTs across it by the straining of the PDMS substrate. Adapted from Yamada et al.21 
with permission. (c) Microcrack formation and propagation on the graphene film coated on the top 
of a PDMS layer under applied strains, and microcrack recovery upon releasing of the film. 
Reproduced from Lee et al.187 with permission. ............................................................................. 55 
Figure 2-18. A wearable physical sensor on a specific area of a human body to monitor various 
physiological parameters such as: pulse/heart rate, body temperature, body motion, tactile 
sensing/hepatic perception, etc. Adapted from Gao et al.19 with permission. ............................... 57 
Figure 2-19. Examples of carbon composite based stretchable and flexible strain sensing, wearable devices 
for biomedical applications. (a-e) flexible and stretchable dry electrodes based on CNT-graphene 
nanocomposites.207 (a) A schematic illustration of the gecko-inspired hierarchical structure of the 
conductive dry adhesive and its applications to electrocardiogram (ECG) electrodes. (b) An image 
of the conductive adhesive layer demonstrating the high adhesion via carrying a 1 kg of weight. (c) 
Images of the conductive dry adhesives with high stretchability and flexibility. (d) ECG signals 
collected under different conditions (red box inset: magnified view of the measured ECG wave, with 
the P, QRS, and T waves identified.) (e) ECG signal under different movement states. Reproduced 
from Kim et al.207 with permission. ................................................................................................. 58 
Figure 2-20.Applications of anisotropic CNF/PDMS cross-plied multidirectional strain sensors. (a-b) 
Detection of multi-degrees-of-freedom neck and wrist motions using the sensors. (c-f) A golf swing 
analyser using wearable via multidirectional sensing. (c) A visualisation of the relationship between 
different golf club handle grip and taken during addressing and resulting golf ball trajectories. (d-f) 
The sensor responses from the weak grip, neutral grip, and strong grip, which, respectively, cause 
the golf ball to fly sliced, straight, and hooked. Reproduced from Lee et al.211 with permission.... 60 
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Figure 2-21. Human-machine interface applications of stretchable and mountable strain sensors. (a) The 
electrical signal response of a smart glove. Five strain sensors are mounted along the finger joints 
and the signal is collected whilst the fingers are bent and straightened. Reproduced from Yan et 
al.181 with permission. (b) Another example of a smart glove platform and the electrical signal 
response of performed sign languages. Adapted from Li et al.213 with permission. (c) A gripper robot 
hand-controlled remotely using a smart glove flexible with strain sensors. Reproduced from Gong 
et al.188 with permission. (d) An 8 x 8 array of artificial electronic skin. (e) Pressure response of the 
artificial skin to a piece of PDMS and a flapping ladybird placed on the sensing matrix. Reproduced 
from Kang et al.30 with permission. ................................................................................................ 62 
Figure 3-1. (a) An illustration of the structure of the electron column of an SEM. (b) Monte Carlo simulation 
of the accelerated electron beam from 5kV to 30kV. The blue and red trajectories represent the 
incident and the back-scattered electrons. A three layers structure composed of 10 nm carbon, 20 
nm Fe, 10 nm carbon is penetrated with the electron beam. The width is 70 nm and the interfaces 
are denoted by the dashed lines. (c) A schematic of a sample with electrons penetrated to various 
depths yielding different information signals. The secondary electrons are generated by the incident 
electrons and back-scattering electrons. The luminance, X-ray and Auger electrons are also 
generated during the electron scatterings. (d) The electron on the K orbital is excited by an incident 
electron and the outer shell electron is relaxed to the vacancy on the inner shell to emit X-ray. 
Another possible condition is to emit Auger electron. The scattered electron gives the extra energy 
to the electron on the outer shell to escape from the orbital. (a) is obtained from 216 (b) is adapted 
from 217, (c) is adapted from 218, (d) is adapted from215 with permission. ....................................... 67 
Figure 3-2. (a) Back-scattered SEM image of a MWCNT forest taken with 20 kV acceleration voltage. 
Catalyst particles are seen at the tips of CNTs as small white dots. The atomic number of Fe is much 
larger than C so it scatters back more electrons and appears white. Contrast difference allows the 
catalyst to be distinguished from the CNT structures.  (b) A backscattered cross-section SEM image 
of Pd (500nm) metallised MWCNT forest taken with 5 kV acceleration voltage, showing the contrast 
difference of the metal on the outer shell of the column structures and the CNTs inside showing 
that the metal coating does not penetrate the CNT forest further than a few microns demonstrating 
a good use of the choice of detector depending on the sample. The details of the focused ion beam 
milling of this sample are discussed further in Chapter 4. .............................................................. 69 
Figure 3-3. The schematic of the energy level diagram showing the states involved in Raman spectra. Blue 
arrows in each pair indicate the absorption of the energy of the incident photon by the electron 
within the electron cloud. Second arrows in each pair represent the relaxation of the electron by 
emitting different wavelength (different energy) photons. Rayleigh scattering is filtered out as it 
contains no information about the material. The number of anti-Stokes scattering is much less than 
Stokes scattering therefore Stokes scattering is used for Raman analysis. .................................... 71 
Figure 3-4. Raman spectrum of SWCNT bundles (HiPco) obtained with excitation laser energy EL = 1.96 eV. 
The radial breathing mode (RBM), the disorder-induced (D) band, the graphite-like (G- and G+) 
band, the intermediate-frequency modes (IFMs), G’ band, M and iTOLA bands are observed in the 
figure. The ranges associated with the IFM (600–1100 cm−1) and the M and iTOLA bands (1650–
2000 cm−1) are enlarged in the insets (a) and (b) respectively. Adapted from Saito et al.233 with 
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Figure 3-5. (a) A schematic of the key components of an AFM microscope. An AFM cantilever which acts 
as a force sensor and a force actuator is attached to a piezoelectric scanner, a laser source bouncing 
off the cantilever and detected by a photo-diode detector. Si tip can be operated either in contact 
or ‘tapping mode” with respect to the sample surface, in this case, an annealed catalyst thin film on 
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a Si wafer which formed nano-island particles on the Si surface. (b) Potential energy vs. interatomic 
distance graph showing the repulsive and attractive forces with respect to the distance between 
two atoms. In this case between the tip and the surface of the sample. ....................................... 76 
Figure 3-6. (a) A typical AFM image of a 1 µm x 1 µm area of the annealed Fe thin film (3 nm, e-beam 
evaporated) on a Si substrate under H2 at 400 oC. (b) an FFT band filter applied image of (a) to 
increase the resolution. (c) calculated areas of different size nano-island size to estimate the 
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Figure 3-7. EMT Rig Setup details. 1) Laser head to measure displacement, 2) sequenceable motorized 
stage 3) a low load, high precision single point load cell 4) Motorised stage controller 5) Strain gauge 
amplifier 6) BNC connector that is connected to DAQ card 7) Laser controller 8) bottom stage, 
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to the motorised stage 10) 2x digital microscopes 11) Dual power supply for the load cell 12) Source 
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Figure 3-8. Optical images of the top contact that is used to probe CNT-microprobes. (a) Top view (b) Side 
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Figure 3-11. The number of data points collected as a function of elapsed testing time when testing 
samples under cyclic loading conditions using EMT rig. (a) Different tests with a variety of numbers 
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Figure 3-12. Electromechanical cycling tests to test the mechanical durability and electrical contact 
resistance stability of a CNT-Pd hybrid micro-probe (with 200 µm x 200 µm cross-sectional area) 
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time. (c) A 15,000-cycle test, showing large sections of deviations from the stable contact resistance 
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Figure 4-1. Different structures of the substrate. Doped n-type Si substrate deposited with a layer of a 
thermal barrier of different materials. (SiO2 – either as purchased (thermally grown) or sputtered, 
Al2O3 – e-beam evaporated, TiN – sputtered) Subsequently, a layer of the support layer of Al is 
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Figure 4-2 Schematic illustration of the PTCVD system. An optical head equipped with 8 IR lamps isolated 
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the optical heat with the growth front (the catalyst). The sample is placed on a carbon fibre plate 
which sits on a water-cooled stage to cool down the bottom of the substrate during growth. A 
pyrometer is to measure the bottom substrate temperature and a K-type thermocouple (MgO 
insulated, stainless steel 1 mm diameter) is placed on the top of a dummy sample to measure the 
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performed via a pyrometer. The samples were placed on a full Si wafer. That Si wafer sits on a 
carbon-fibre plate. The carbon fibre plate is used to protect the pyrometer from the heat. The 
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750 oC whilst substrate temperature remained at ~415 oC. Highest catalyst temperature achieved 
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Figure 4-7. CNT forest height achieved as a function of growth time for different substrate and barrier 
layer combinations, when the growth sequence is performed one run a day (a) and (b) when all the 
growth runs are performed within a day sequentially.  Three types of substrates are prepared to 
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Figure 4-8. Water-assisted SWCNT forest growth. CNT forest height as a function of time. The solid line 
indicates the curve fitting based on theoretical calculations which matches with the experimental 
data obtained. Inset photographs are the SWCNT forest on Si at various growth stages showing the 
CNT height. CNTs were grown using Fe catalyst.  Reproduced from Futuba et al. 253 with permission.
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Figure 4-9. Raman spectrum acquired from as-grown CNT forest at 421 oC with 100 sccm H2, 10 sccm C2H2 
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labelled. (b) Detailed Lorentzian fitting of the region of the radial breathing mode (RBM) from which 
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position of the D and G peaks; the ratios are then averaged and plotted with standard deviations. 
Both routes showed similar ID/IG ratios up to 2 min growth time with a slight decrease in the ratio, 
however, when the growth is performed sequentially in a single day the ID/IG ratios increased 
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Figure 4-11. Oxygen plasma functionalisation of as-grown CNTs forest on Si wafer. SEM images of the CNT 
film after exposure to oxygen plasma (a) for 10 s at 50W power, (b) a zoomed-in image of the 
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intensity ratio as a function of plasma exposure time up to 180s. (c) ID/I2D intensity ratio as a function 
of plasma exposure time up to 100 s. Three Raman spectra were collected for each exposure time 
and then Lorentzian functions were fitted to each characteristic band to calculate the FWHM before 
averaging them. Raman signal was collected from the centre of the Si substrate for each of the 
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Figure 4-13. FWHM of characteristics Raman bands of the oxygen plasma-treated CNT film as a function 
of exposure time. (a) D band, (b) G band, (c) 2D band. Three Raman spectra were collected for each 
exposure time and then Lorentzian functions were fitted to each characteristic band to calculate 
the FWHM before averaging them. Raman signal was collected from the centre of the Si substrate 
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Figure 5-1. Photomask design used for this project. There are 4 main arrays of squares of different sizes. 
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Figure 5-2. Positive type photolithography steps to pattern the catalyst. A photomask is used to copy the 
pattern from the mask to the substrate by using UV light sensitive photoresist. After the desired 
pattern is obtained, the catalyst is evaporated followed by a lift-off which strips the photoresist 
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Figure 5-3. (a) An example of an array of as-grown CNT pillar structures with 100 µm pitch and 100 µm x 
100 µm cross-sectional area. Average CNT length achieved is ~ 500 µm. Due to the high aspect ratio 
of the pillar structures, some of them tend to lean in a random direction. (b) a close up of an 
individual probe, showing a few groups of CNT forest detached from the substrate however still 
attached to the column structure. The relaxed buckled CNTs hanging above the pillar suggest that 
the as-grown CNT pillars have residual stresses of which can help provide compliance. (c) A zoomed-
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Figure 5-4.  (a-c) Atomic force microscopy (AFM) images of the catalyst annealed at around 350 oC at 10 
Torr under 100 sccm H2 for c) 5 min, d) 10 min and e) 15 min respectively. It is observed that as the 
annealing time increased the catalyst nano-island particle size increased. This directly affects the 
as-grown CNT diameter size. (d-g) The Gaussian fitted diameter distribution of the Fe catalyst 
nanoparticles annealed for d) 5 min, e) 10 min and f) 15 min respectively. g)Mean diameter, 
standard deviation, and full width at half maximum (FWHM) of Gaussian curves as a function of 
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Figure 5-5. CNT diameter and the number of walls measured using STEM for a 5 min anneal and 15 min 
growth sample. (a) Average CNT diameter distribution (b) the average number of CNT walls showing 
that most of the CNTs deposited are multi-wall with an average 4-5 walls per CNT. (c) and (d) typical 
STEM images of the CNTs showing the average diameter and multi-wall nature. ....................... 127 
Figure 5-6. A full 5 cm x 5 cm sample with as-grown CNT forest on Si substrate used for CNT areal density 
calculations. The area of the deposition is kept as large as possible to increase the total weight of 
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Figure 5-7. (a) Normalised visible Raman spectra of an as-grown CNT probe as a function of CNT length 
obtained by a 532 nm green laser. The spectra show the characteristic Raman bands; a D peak at 
around 1340 cm-1, a G peak at around and a distinct 2D peak at around 2690 cm-1. As the CNT length 
increases the disorder-induced D peak gets smaller and the 2D peak starts to split. (b) is a scanning 
electron microscopy (SEM) image of a CNT forest column. Tilt angle is 80o. RBM region of the as-
grown CNTs using a (c) 738 nm (1.58 eV) red laser and (d) 532 nm green laser. No RBM peaks for 
observed for green laser. One metallic RMB peak is observed at 226 cm-1 frequency which could be 
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Figure 5-8. Electromechanical characterisation rig setup for testing CNT micro-contactors. Force, electrical 
contact resistance, displacement and time are simultaneously measured. Single-point, ultra-low-
load load cell was attached to a motorised, sequencable z-stage. Displacement is measured via a 
laser. The alignment between the Au-coated Cu top contact and the CNT probes is carried out by 
placing two digital microscope cameras in x and y directions. ..................................................... 132 
Figure 5-9. Sphere on flat plate contact approach. Metallised CNT contact is assumed to be infinitely long 
at the very beginning of the touchdown. The model resembles a similar configuration of a solid 
metal micro-spring contacting a micro-solder ball during touchdown. 500 nm Pd metallised CNT 
contact is used for the calculations since it has the highest effective elastic modulus................. 133 
Figure 5-10. Contact area and contact stress calculations for a 200 x 200 µm cross-sectional area 500 nm 
Pd metallised CNT-metal probe when deflected 50 µm. (a) Contact area diameter vs. Applied force 
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vs. Maximum contact stress. It is assumed that the top contact is a perfect circle and the CNT 
contact is a flat surface. (b) Contact area diameter vs. Displacement and Electrical contact 
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Figure 5-11. Electromechanical response of CNT forest column (200 µm x 200 µm) without a metallisation 
layer. (a) Cyclic loading (b) Increasing loading. As it can be seen in (a), it is difficult to identify the 
touchdown points where the top Au coated contact makes full contact with the CNT forest column. 
This is due to the difficulty of contacting an estimated number of 4 x 106 individual CNTs at the same 
time. This results in an unstable touchdown with high contact resistances. ................................ 137 
Figure 5-12. (a) Process flow for the fabrication of CNT metal hybrid micro-contacts. Step 1, cleaning the 
Si substrate; step 2, sputtering the thermal and diffusion barrier layer of 100 nm TiN, followed by 
the interlayer deposition of 10 nm Al (Step 3) via e-bema evaporation. Step 4, catalyst patterning 
by photolithography, e-beam evaporation and lift-off; step 5 is the PTCVD growth of CNT columns. 
The final step (step 6) is divided into two routes; 6a is sputtering providing a more uniform metal 
coating, 6b directional metallisation of the CNT columns via e-beam evaporation. Two routes are 
followed to investigate the effect of metallisation on the compliance of the CNT-metal micro-
contactors probes. (b), A Pd metalised CNT probe via sputtering (64 min, 500 nm) covering both the 
tips and the sides of the CNT pillar. (c), An Au metallised CNT probe via e-beam evaporation (~500 
nm) in which the metal layer covers the first 4-5 µm (the tip) of the CNT pillars. ........................ 138 
Figure 5-13. An SEM image of a focused ion beam (FIB) cross-section image of a 500 nm metallised Pd-
CNT hybrid micro-contact showing the limited penetration of the metal into the porous CNT forest 
column. It was observed that the metal deposition does not penetrate the CNT forest further than 
3-4 µm. Moreover, the metal thickness along the corner decreases from the tip to the base of the 
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The loading strain rate is 1 µm/s. There are three stages: 1) Initial elastic loading up to the 
compliance limit, 2) as the force-displacement is, cracks initiate and propagate usually along the 
corners and then the structure starts to buckle, 3) unloading, as the load is removed the probe 
relaxes back towards the original position however some of the plastic deformation persists after 
top contact is removed. Top contact was removed with a much higher rate (10 µm/s) to observe 
the probe relaxation more clearly. Inlet is a zoomed-out image of the top contact and the CNT probe 
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Figure 5-16. (a) Electromechanical response of 250 nm Pd metallised (sputtered) CNT microprobes (200 
µm x 200 µm) under increasing loading conditions for up to 125 µm deflection. The sample showed 
higher resilience to compression within the first 20 µm over-travel with stable, whilst maintaining 
below 1 Ω contact resistances up to 60 µm over-travel. (b) The electromechanical response of a 250 
nm Au (evaporated) CNT microprobe (200 µm x 200 µm) under increasing loading conditions for up 
to 125 µm deflection. After initial contact was established, the probes were compressed 125 µm 
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and the sides of the CNT column, whereas Au coating was only deposited on the top cap of the CNT 
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column. Au-CNT contact showed lower resilience to compression. The electrical contact resistance 
remained under 2 Ω when the probe was over-travelled up to 55 µm. ....................................... 144 
Figure 5-17. Cyclic loading electromechanical characterisation of CNT-metal hybrid micro-contacts. Each 
peak represents a single touchdown. 1000 cycles were performed for each sample with 50 µm over-
travel after contact. Force unit is gram-force. (a) 500 nm Pd sputtered 200 x 200 µm cross-section 
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200 x 200 µm cross-section CNT micro-contact. Au metal coating was mostly deposited only on the 
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1 Introduction  
This chapter presents a brief introduction to the science of carbon nanotubes (CNTs), the motivation 
and the objectives for this thesis work, and the design criteria for the devices that were investigated for 
the contacting applications described in this project.  
1.1 Motivation  
 
Carbon nanotubes potentially offer various benefits in the engineering industry where conventional 
materials struggle to further the many aspects of technology and manufacturing methods. Research on 
carbon nanotubes boomed more than 25 years ago. Since then, intensive research has been put into CNTs 
as a potential material for many applications in various industries. However, despite more than 25 years 
of research since the discovery; many aspects of CNT science, including the very mechanism of growth, 
are still under investigation. There have been great improvements in synthesis and purification methods, 
which can now produce high-quality nanotubes in large amounts1 to work towards commercialisation and 
industry prototyping.  
 Carbon nanotubes are a rolled sheet or sheets of graphene. They have excellent electrical, 
mechanical and thermal properties. Key aspects of carbon nanotubes are listed in Table 1-1. 
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Table 1-1. Key aspects of carbon nanotubes that influence the properties and potential applications. 
Number of walls 
When one single sheet of graphene is rolled to form a tubular nanotube 
structure it is called single wall carbon nanotubes (SWCNTs), there is also double 
wall (DWCNTs) and multi wall carbon nanotubes (MWCNTs). 
Chirality of CNTs 
The chirality is defined as the rolling angle of the graphene sheet and directly 
affects the bandgap of CNTs; depending on the chirality CNTs can be either 
semiconducting (s-CNTs) or metallic (m-CNTs). Chirality determines the electrical 
and mechanical properties of CNTs. 
Diameter of CNTs 
Diameter of CNTs has a direct effect on the properties due to the change in the 
band gap, bond length and number of bonds between carbon atoms. 
Alignment 
Depending on the growth method and device structure, CNTs could be vertically-
aligned, horizontally-aligned or entangled. CNTs are one dimensional, high 
aspect ratio structures therefore they do not have isotropic properties. 
Average CNT to 
CNT spacing 
This determines to the structural density of a CNT film. Structural density is a key 
parameter for electrical and mechanical applications. 
CNT wall 
thickness 
This refers to how thick a CNT structure is; it is calculated by multiplying the 
number of walls by 0.34nm which is the theoretical spacing between walls. 
Length 
This gives information about the average length of the CNT films, depending on 
the application CNT lengths can be from tens of nanometers to milimeters. 
 
Table 1-1 is a good illustration of the challenges of designing CNT-based innovations and 
applications. Direct, simultaneous control of all of the above aspects of either an individual CNT or a forest 
of CNTs is a massive challenge. It is often observed that tuning one aspect comes in the expense of 
another. For instance, increasing the length of CNT forests is often achieved at the expense of more 
defective structures of CNTs. Nevertheless, as discussed in the following chapters, CNTs possess 
remarkable properties observed by many studies.2–5 Their theoretically excellent electrical and 
mechanical properties, such as ballistic transport at micron level at room temperature3, high current-
carrying capacity 6, high stiffness and mechanical compliance4,7,8 could open a new era of nanoelectronics 
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and nanoelectromechanical (NEMS) systems. One of the difficulties of implementing CNTs for large scale 
applications is the lack of realising the properties of individual CNTs in a CNT-forest type of structure. A 
micro scale electromechanical device based on CNTs will have millions of vertically-aligned CNTs (could 
be up to 1015 cm-2) and understanding the electromechanical behaviour of such a structure is a challenge. 
There have been studies on using CNT-based electromechanical devices as actuators 9–11 using chemical 
vapour deposition(CVD)-grown CNTs as long as 4 mm, however studies on the potential benefits of using 
CNTs for micro-scale probing applications are very limited in literature8,12 even though utilising CNTs as 
contacts could be advantageous because of their potentially high charge carrying capacity, low contact 
resistance and good elastic properties under dynamic loading conditions. Additionally, producing arrays 
of vertically-aligned CNT (VA-CNT), small-pitch structures through well-established CVD methods and 
manufacturing thousands of reproducible and repeatable micro-contacts simultaneously could be 
favourable and cost-effective.  
One of the applications that this thesis will investigate is the possibility of integrating CNT-based 
micro-contacts for probing application at micron-scale. Electromechanical probing applications constantly 
demand smaller pitches, faster manufacturing and device testing, and low electrical contact resistance. 
Probe systems (probe-cards, microprobes, spring contacts) industry employs contacting 
electromechanical probes to test semiconductor microchips whilst still at the wafer-level, (WLP) before 
they are cut and packaged, in order to identify the faulty chips in an accurate and reliable way. Figure 1-1 
illustrates different probe-card structures and how they make contact with the sample under test. It uses 
microelectromechanical (MEMS)-based cantilever probes which have certain limitations in terms of the 
lowest pitch it can be achieved, cost, manufacturing time and yield.13 In the semiconductor industry, the 
chip size is continuously decreasing to accommodate the growing portability and performance 
requirements, therefore the specifications for probe properties are also required to keep up with this 
demand. In this context, vertical probing architectures gain a special interest to obtain lower pitches. 
However, achieving a lower pitch could come in the expense of compromising the elastic properties, 
significantly increased interference between probes and with the involvement of very complex 
manufacturing processes especially when conventional materials are considered.   
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Figure 1-1. (a-b) A schematic of a fabricated cantilever type probe card configuration and demonstration of how the contacting is 
achieved to test a microchip. (c) is an SEM image of the fabricated cantilevers with contacts of 50 µm diameters. (d) is a probe 
card and its cross-section showing the micro-springs in contact with the test wafer. (a-c) are adapted from Jing et al.14, (d) is 
reproduced from15 with permission.  
 
Some of the fundamental functional requirements for electromechanical probes are:16  
• Manufacturability (i.e. cost); 
• Low pitch without interference between probes (< 50 µm); 
• Low electrical resistance (< 1Ω/probe); 
• High compliance at low pitches (up to 50 %); 
• High current carrying capacity (> 1A); 
• Good contact repeatability (> 106 cycles); 
• Accurate contact reproducibility; 
• Planarisation effect; 
• Ability to tune the stiffness; 
• High temperature applications (>120 oC). 
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Planarisation effect can be described as the relative position of the probe tips in relation to a reference 
plane. Perfect planarisation assumes that all probes make simultaneous contact with the device under 
test. 
Given that a probe has a certain geometry, controlling all the requirements such as tuning the 
stiffness or achieving a perfect planarisation is not an easy task. Current contacting technologies employ 
several components, morphologies and application strategies that ensure compliance, however, they 
typically come at a cost of miniaturisation. To break through to a lower pitch (e.g. 50 µm), we are looking 
at materials whose electrical properties are not significantly diminished at the nanoscale. It should be kept 
in mind that a multi-component approach is the most likely solution, which means that during the course 
of this project, we will look at both novel materials (e.g. CNT) as well as system architectures (e.g. novel 
springs, materials for micron-level contacts, etc.). CNTs are a good candidate here due to their resilient 
nature, low electrical resistivity and high current-carrying capacity. A novel contacting architecture based 
on CNT probes could allow tunable mechanisms for micro-chip testing applications.  
Additionally, in this thesis, CNT-elastomer nanocomposite films are investigated as highly compliant 
contacts and wearable strain sensors for human motion monitoring applications. Flexible and stretchable 
electronic systems have become a reality and recent progress in the field has kindled exciting applications 
in wearable consumer electronics, human-computer interface and electronic skins.17–19 Among these 
applications, a significant interest lies in continuous human motion monitoring which can allow real-time 
monitoring of physical parameters20–22 such as strain, pressure and temperature where the conventional 
approach can only provide “snapshots” of physiological conditions. However, as a mechanical-electrical 
transducer, a strain sensor designed for human motion monitoring should have the following fundamental 
characteristics:  
(1) A large stretchability window (> 50 %) to detect a wide strain detection range since human 
motions can generate mechanical strains up to 55 %.21 
(2) A high sensitivity or gauge factor (GF) (GF > 100) to be able to measure small mechanical 
deformations induced by small-scale human motion such as pulsing, respiration or detection of 
subtle face impressions.  
(3) Electromechanical durability and stability for long-term, continuous usage.  
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1.2 Objectives 
 
This thesis will explore the possibility of fabricating directionally-aligned, CVD-grown, multi-wall 
carbon nanotube-based hybrid systems for electromechanical micro-probing of silicon wafers and for 
stretchable wearable strain sensors to monitor human motion and physiological conditions. As it will be 
discussed in the following chapters, carbon nanotubes grown with the CVD method are the most suitable 
for these applications due to their length and inherent properties and having the advantage of controlling 
the CNT forest alignment.  
The main objectives of this project are: 
• Chapter 4 
o To grow VA-CNT column structures that are at least 300 µm in length with a 50 µm pitch.  
o To relate growth conditions to inherent CNT properties and final electrical and mechanical 
properties of CNT structures.  
o Investigate CNT purification methods such as oxygen plasma treatment to improve as-
grown CNT quality.  
• Chapter 5 
o To fabricate arrays of compliant CNT-metal hybrid micro-contacts on ohmic substrates 
o To develop design tools for CNT structures to be used as electromechanical probes for 
microchip testing applications. For example, a hierarchical metal-CNT composite material; 
where CNTs provide the elasticity without compromising the electrical conductance and 
the metal layer providing stiffness to the probes and a good ohmic contact at the 
interface.  
o To test methods for improved electrical conductance and mechanical compliance such as 
CNT densification. 
o To gain insight into how the mechanical behaviour of the CNT structures that are in 
contact are going to affect the electrical properties.  
o To identify potential limitations of CNT-based probe systems with regards to electrical 
conductivity, mechanical failure mechanisms and array pitch reduction.  
• Chapter 6 
o To design and characterise a CNT-polydimethylsiloxane (PDMS) based, highly stretchable, 
wearable strain sensors for human motion monitoring applications.  
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o To investigate the effects of directional alignment of CNTs within the PDMS matrix on the 
mechanical and electromechanical properties such as durability, electrical sensitivity and 
stretchability.  
o To explore the possibility of employing metallised VA-CNT-PDMS nanocomposite 
structures as conductive, highly elastic micro-contacts.  
Before moving on to the literature review, design considerations for the proposed applications 
are discussed below to establish the key performance and design elements to investigate and improve.  
1.3 Design Considerations for Electromechanical Micro-contacts 
 
 
Figure 1-2. (a) A 200 µm pitch array of Au-plated micro-spring probe contacts embedded in an insulator. (b) A close-up showing 
the 4-point crown plunger and the barrel. (Courtesy of Smiths Interconnect, Inc.) 
 There are two main aspects of design considerations for micro-spring probe architectures: 
mechanical and electrical. Figure 1-2 a and b show an array of micro-spring contacts with a 200 µm pitch, 
manufactured by Smiths Interconnect. These micro-spring contacts are around 500 µm in length, 
embedded in an insulator. This type of probe design is an alternative design to the cantilever and vertical 
probe card technologies shown in Figure 1-1. It has lower optimised contact force resulting in low and 
stable contact resistance, with high compliances. Figure 1-3 illustrates the basic components of a single-
ended micro-spring probe. It consists of a plunger, depending on the design this could be a single part of 
a combination of a few parts, a helical coil spring and a barrel which houses the spring. The barrel and the 
plunger are usually made of aluminium or copper alloys and they are gold plated, whereas the coil spring 
is made of stainless steel.  
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Figure 1-3. Basic spring contact construction, single ended. One or more contact member normally called as plunger, a helical coil 
spring, and a conductive housing tube called barrel. Barrel and plunger are usually made of copper alloys and then gold plated, 
spring is made of stainless steel. 
 
1.3.1.1 Mechanical Considerations:  
 
Tip style:  
There are different types of tips for different applications. Some tips are more aggressive in order 
to penetrate through the contaminants (such as thin native oxides, organic contaminations, etc.), others 
are designed to not mark or scratch the contact surface. Some tips are only used to contact vias – filled or 
unfilled.  
Spring Force:  
The spring force is defined as the amount of force required to compress the probe to the desired 
working travel. Higher density probes usually require lower forces. The spring force also depends on the 
condition of the contacting surface, where a more contaminated surface will require more spring force to 
penetrate through the contamination to form the contacts. In principle, spring should be designed to have 
the strongest possible force so that the contact would have greater immunity to shocks.  
Minimum Centres:  
This is the distance between the centre-point of one mounting hole to the adjacent mounting 
holes and determined by the probe geometry. To prevent a potential shorting of probes, a clearance 
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between probes is required, the physical area occupied by the probe is determined by the plunger tip 
diameter or the mounting hole diameter, whichever is larger. Miniaturising the probe dimensions would 
result in a decrease in the minimum centre diameters.  
Working travel:  
Depending on the spring design, compressing a probe beyond its recommended working travel 
can create irreversible strains on the spring. In solid metal-based micro-contactors, the working travel 
should not exceed 2/3 of the maximum travel. Testing at full travel could damage the tip or the device 
under test.  
Maximum Travel:  
This is the distance that a probe may be compressed. Maximum travel is controlled by different 
parts of the probes depending on the type. In most cases, the small body diameter of the probe controls 
the maximum travel distance.  
Operating Temperature:  
Spring materials and lubrication control the operating temperature of the probes. In some cases, 
probes can be lubricated to increase the mechanical life; then the operating temperature is limited to 120 
oC. Spring material is another factor that affects the maximum operating temperature. Elevated 
temperatures could initialise annealing of the spring materials causing a change in the spring properties.   
1.3.1.2 Electrical considerations:  
 
Contact resistance:  
Base materials, plating and physical design affect the resistance of a spring contact probe. One of 
the main limitations of the traditional spring contact is the inconsistencies in the contact resistance if the 
plunger does not make good contact with the barrel. This results in the current flowing intermittently 
through the spring, resulting in a significant increase in resistance.  The typical current path of a probe is 
from the plunger to the barrel and then through the receptacle and out to the wire. Approximately 99% 
of the current will follow this path. The remaining 1% of the current will flow through the spring.  
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Current Rating:  
The current of the spring contact probe is determined by the heat generated by the current and 
resistance and the ability to dissipate this heat through the probing material and the mounting plate. 
Current rating is determined by the base and plating material, size of the probe, mounting material and 
ambient temperature. Current ratings vary between 0.3-40 A, depending on the tip style, probe length, 
max applicable spring force and the working travel. As a general rule, higher spring forces result in higher 
current ratings however this risks of damaging the samples and leaving behind scrub marks due to exerted 
excess forces, this is discussed in more detail in 5.3.3 in Chapter 5. Details of the materials used to reduce 
the contact resistance at the interface for a CNT-based micro contact will be explained in 2.4.  
 
1.4 Performance Design Considerations for Stretchable Strain Sensors 
 
As it will be discussed in detail in Chapter 6.7, during contacting experiments it was observed that 
the CNT-elastomer composite contacts were highly compliant and their electrical resistance was highly 
responsive to applied strains, therefore this thesis also investigates the application of CNT-based 
composite, highly-stretchable and flexible films as skin-mountable strain sensors for human motion 
monitoring applications. In this section, a brief introduction into flexible strain sensors and their 
performance design considerations are explained. The details of current advancements in the literature, 
the working mechanisms, the advantages of these types of sensors and their applications are discussed in 
Chapter 2 section 2.6.  
Flexible and stretchable strain sensors can be divided into two main categories: resistive-type and 
capacitive-type. Resistive-type sensors are made of electrically conductive films/functional nanomaterials 
which provide the sensing, combined with stretchable elastomer-based substrates. When the composite 
films are subjected to mechanical deformation, microstructural changes in the sensing films lead to the 
change of electrical resistance. After the strain is removed, the electrical resistance of the sensors is 
recovered by the re-establishment of the sensing film to its original condition. Capacitive- type sensors 
are based on a sandwich structure: a pair of stretchable electrodes and a highly compliant dielectric layer. 
Uniaxial compressive strains bring two electrodes closer which results in an increase in the capacitance of 
the structure. Figure 1-4 shows different types of flexible, skin-mountable, and wearable resistive-type 
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(Figure 1-4a) and capacitive-type (Figure 1-4b) sensors based on functional nanomaterials-polymer 
nanocomposite structures.17  
 
Figure 1-4. Different types of flexible, skin-mountable and wearable strain sensors based on functional nanomaterials (sensing) 
and elastomer composite structures. (a) Resistive-type sensors, (b) capacitance-type sensors. Reproduced from Amjadi et al. 17 
with permission.  
 
Stretchability:  
The stretchability of the strain sensors vary, determined by the type of sensors, the elastomer, 
the sensing film nanomaterials, micro/nanostructure and the device structure. Nanocomposite structures 
based on 1D type of nanomaterials improve the stretchability of the sensors due to their high aspect ratio, 
which enables easy formation of percolating networks, with good electromechanical characteristics when 
subjected to large strains.21 Capacitive-type sensors have limited stretchability compared to resistive type, 
especially under large applied strains, where the two electrodes get too close together causing a less 
sensitive, non-linear response.17 Carbon Black (CB), nanoparticle (NP) and graphene-based sensors have 
low stretchability ( < 15 %) due to the lack of robust percolation networks.23–25  
Sensitivity or Gauge Factor (GF):  
GF is the slope of the relative change of the electrical signal with respect to applied strain for both 
resistive and capacitance types of sensors. Traditional metal-strip and semiconductor-based strain 
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sensors’ GF values vary between 2-5.26 Stretchable sensor GF values, on the other hand, can vary from 0.5 
to 107, depending on the mechanism, nanomaterials, and micro/nanostructures of the sensors. It has been 
established that for nanowire (NW) based resistive strain sensors, decreasing the NW density resulted in 
higher sensitivity because of the better-formed percolation network and their disconnections under strain 
but at the expense of lower stretchability.22 Oxide NWs (For example, ZnONWs) can show higher GFs when 
grown as short (~3 µm) “nanobrush” filler nanomaterials which increases the number of disconnections 
between ZnONW-ZnONW junctions27, as a resistive type sensors however the sensor will have very high 
overall resistance which means higher power-consumption and very specialised equipment to detect very 
small currents ( < nA). Generally, stretchable strain sensors based on microcrack and disconnection 
mechanisms show higher sensitivity than other piezoresistive mechanisms especially CNT based strain 
sensors (GF> 1000). 28,29  
Linearity of the response:  
Response linearity is a key parameter for stretchable strain sensors since a linear sensitivity 
response with respect to applied strain is essential regardless of the degree of mechanical deformation to 
avoid complicated and problematic calibration steps, especially as wearable, skin-mountable strain 
sensors. A lack of linearity is one of the drawbacks of resistive-type sensors due to the inhomogeneous 
and/or random distribution of sensing mechanisms such as micro-crack formation or percolation 
networks upon stretching.22,30 Capacitive-type sensors exhibit excellent linearity since they are not 
affected by transient changes in the electrode resistance under strains.31  
Electromechanical Durability:  
Strain sensors are expected to withstand the long-term stretching/releasing cycles with a steady 
electromechanical response and mechanical durability. Applications such as skin-mountable and wearable 
strain sensors require endurance to large, multidirectional and dynamic strains. Fatigue and plastic 
deformation of the polymer under large strain, combined with the fracture and buckling of the 
nanomaterials result in deterioration of the electromechanical performance of the sensors. CNTs have 
shown remarkable electromechanical durability under large strains (up to 200 %) which is attributed to 
their highly elastic behaviour, hindering plastic deformation and fracture of the CNTs.17,21,29 
Hysteresis:  
When stretchable sensors are used as wearable, skin-mountable sensors, hysteresis behaviour 
becomes important. The presence of large hysteresis can result in irreversible degradation in the sensing 
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performance when sensors are subjected to dynamic loading. Generally, capacitive type sensors have 
better hysteresis performance than resistive-type sensors since strain sensing of the resistive-type is 
highly affected by the conductance change of nanomaterial thin films. Hysteresis can be caused by the 
viscoelastic characteristics of the polymer as well as the interaction between the nanomaterials and the 
polymer. If the binding is strong between the filler nanomaterial and the polymer, upon releasing the 
strain, the nanomaterial will go back its original state; however, if the binding is weak it is possible that 
the nanomaterial can slide inside the polymer matrix upon stretching and not slide back to its original 
position, causing an increase in hysteresis.17  
Response and Recovery Time:  
Response time quantifies how fast the strain sensors move towards the steady-state response. 
The viscoelastic nature of the polymer used always causes a delay in the response of all polymer-based 
strain sensors.22 Response times of stretchable strain sensors vary between 50 ms to 5 s, depending on 
the architecture, nanomaterial additive, polymer and the type of strain sensors. Ultra-soft polymers such 
as Ecoflex yield longer response times due to lower forces involved in the restoration of the nanomaterial 
within the matrix.29 Generally, capacitive type strain sensors show faster response time compared to 
resistive-type.32 Since the ultimate goal is producing skin-mountable, wearable strain sensors, recovery 
time is considered another important performance design parameter, particularly under dynamic loading. 
Resistive-type sensors tend to show larger recover times21,25 (5-100 s) compared to capacitive-type 
sensors which show sub-second recovery times.33 The longer recovery times of the resistive-type sensors 
are associated with the slow recovery of the conductive network due to the friction forces between the 
filler nanomaterials and the polymer matrices.17,21 Overall, smaller response and recovery times are 
desired for stretchable strain sensors.   
Sensing Signal Overshoot:  
Stress relaxation of the polymer layer of a stretchable strain sensor can result in an overshoot 
regardless of the type of sensor, although resistive-type sensors exhibited larger overshooting behaviour 
than capacitive-type sensors. When the strain is quickly reversed at the end of the stretching cycle, 
polymers intend to release their stress instantly by mechanical deformation.34 The overshoot intensity is 
dependent on the GF values of the sensors, the viscoelasticity of the polymer material and the strain 
rate.17  
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To sum up, both types of sensors have distinct advantages. Capacitance-type sensors show good 
linearity, low hysteresis and stretchability but very low GF values (< 1) whereas, resistive-type sensors 
exhibit high GFs and excellent stretchability under large strains however large hysteresis and less linear 
response. There is a “trade-off” between “high linear sensitivity” and “high stretchability”. Highly 
stretchable sensors typically respond to the applied strain with low and nonuniform sensitivity and vice 
versa. Thus, the development of highly stretchable (ε ≥ 100%) and highly sensitive (GFs ≥ 50) wearable 
strain sensors is still a challenge.  
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2 Literature Review  
 
2.1 Introduction 
 
In this chapter, a detailed literature review of aspects of CNTs that are related to this work is 
presented. Firstly, an overview of properties of CNTs with focus on their electrical, mechanical and 
transport properties including contacting carbon structures is discussed. Secondly, CNT growth methods, 
growth mechanisms, low-temperature vertically-aligned CNT growth and the effects of the interlayers and 
of the substrates are presented.  CNTs are a promising candidate for micro-probing applications due to 
the possibility of tuning the architecture properties, during and after fabrication with the possibility of 
manufacturing, fully customisable, scalable, low-electrical-resistance electromechanical probe with low 
(≤ 50 µm) pitches for semiconductor testing at wafer-level. Similarly, the CNT’s high aspect ratio structure, 
ability to form a percolating network that can be disconnected under applied strain and good elastic 
properties are ideal for stretchable strain sensors.  
2.2 Carbon Nanotubes  
 
Carbon has six electrons in 1s22s22p2 electron configuration. The orbitals associated with the 
valence electrons in carbon are the 2s and 2p. These orbitals rearrange themselves into states called 
hybridised states. This is observed because there is a net reduction in the energy on going from the ground 
state to the hybridised state. Diamond, for instance, has sp3 hybridised state where one electron from the 
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2s orbital is promoted to the 2p orbital. The 2s electron will have higher energy however, the overall 
energy of the state will be lower. Four equally spaced orbitals form strong σ-bonds.  Graphite is another 
allotrope of carbon, which is stacks of two-dimensional hexagonal lattices of sp2 hybridised carbon atoms. 
In this case, hybridised one 2s and two 2p orbitals form σ-bonds whereas the remaining unhybridised p 
orbital electron is allowed to form π-bonds. Similar to graphite, graphene and nanotubes both have sp2 
type hybridisation. There are also other types of nanostructures, such as nanofibers and nanowires, but 
this study is mainly focusing on the tubular CNT because of their better mechanical and electronic 
properties.  
2.2.1 Types of Carbon Nanotubes 
 
There are two types of nanotubes: single-wall nanotubes (SWCNTs) and multi-wall nanotubes 
(MWCNTs). A SWCNT is a graphene sheet (Figure 2-1 (a)) rolled-over into a cylinder on the order of 1-5 
nm. A MWCNT is made of concentric cylinders with an interlayer spacing of 3.4 Å and diameters typically 
on the order of 10-100 nm (Figure 2-1b-d). Both types can be up to centimetres in length.35  An (m,n) 
(chiral indices) is obtained by folding a graphene sheet into a tubular structure so that the start and end 
of an (m,n) lattice vector in the graphene plane is joined together.  The diameter of the nanotube and the 
chirality determine these (m,n) indices. Arm-chair tubes (Figure 2-1b) will have (m,m) indices as the carbon 
atoms around the circumference resembles an arm-chair pattern. (m,0) nanotubes are categorised as 
zigzag by the atomic pattern forms along the circumference (Figure 2-1c and d). The rest which does not 
resemble any repeating pattern structures are called chiral (Figure 2-1d), they look like rows of hexagons 
along the nanotube axes.  
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Figure 2-1. (a) A schematic of the honeycomb structure of a graphene sheet. Carbon atoms are at the vertices. Two basis vector 
a1 and a2 are used to define the lattice vectors. A few examples of the lattice vectors are shown. (b) Schematic structures of 
SWCNTs. Electronic properties of the nanotubes are determined by these structures. A (10, 10) arm-chair nanotube. Bottom panel: 
the hexagon represents the first Brillouin zone of a graphene sheet in reciprocal space. The vertical lines represent the electronic 
states of the nanotube. The centre-line crosses two corners of the hexagon, resulting in a metallic nanotube. (c) A (12,0) zigzag 
nanotube. The electronic states cross the hexagon corners, but a small band gap can develop due to the curvature of the nanotube. 
(d) (14, 0) the zigzag tube is semiconducting because the states on the vertical lines miss the corner points of the hexagon. (e) A 
semiconducting (7, 16) tube with no repeating pattern structure. This figure illustrates the extreme sensitivity of nanotube 
electronic structures to the diameter and chirality of nanotube. Reproduced from Dai et al.36 with permission.      
Nanotubes can be either metallic or semiconducting or small-gap semiconducting depending on 
their (m,n) indices.37 In graphene, the conduction and valence bands are in contact with each other at the 
six corner points of the first Brillouin zone. A Brillouin zone can simply be considered as allowed energy 
states for electrons moving in a periodic crystal structure. These states are filled with electrons that have 
the highest Fermi energy, therefore a graphene sheet has a zero-band gap. Parallel lines shown in Figure 
2-1b-e represent the electronic states of infinitely long nanotubes, they are continuous along the tube 
axis.  For armchair tubes (m,m) there are always states present crossing the corner points of the first 
Brillouin zone (Figure 2-1b) indicating that these tubes should always be metallic. When 𝑚 − 𝑛 ≠ 3 × 
integer, the corners and the electronic states (lines) do not overlap (d-e) suggesting that the nanotubes 
are semiconducting.  For 𝑚 − 𝑛 = 3 × integer, certain electronics states overlap with the corner points 
of the first Brillouin zone (Figure 2-1c), these type of nanotubes are considered semi-metallic with very 
small bandgaps (< 100 meV) which is overcome at ambient room temperature. 36,38  
2.2.2 Electrical Transport 
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After the breakthrough of the discovery of single-wall carbon nanotubes (SWCNTs)39, electrical 
measurements of an isolated SWCNT have demonstrated that nanotubes have ballistic conductance. A 
nanotube field-effect transistor, shown in Figure 2-2, consists of a SWCNT directly in contact with two 
metallic contacts acting as source and drain and a third gate terminal which is capacitively coupled to the 
nanotube in order to alter the charge density (i.e., to shift the energy bands in the conducting channel of 
the nanotube). Applying DC or AC voltages to different terminals results in a current flow between the 
source and the drain from where the measurements are obtained.40  
 
Figure 2-2. (a) A schematic of a standard carbon nanotube field-effect transistor. (b) The Dirac energy dispersion cone of graphene 
near the K-point in reciprocal space indicating the cutting lines for a semiconductor type nanotube. (c) The dispersion relation of 
the semiconducting nanotube 1D subbands derived by slicing the cone at quantized values of the momentum along the 
circumference of the tube, k1. (d) The relating 1D density of states. (e) Measured conductance of a semiconducting nanotube, G, 
as a function of gate voltage, Vg. (f) Same for a small-bandgap metallic nanotube. Reproduced from Biercuk et al.41with 
permission.   
First transport measurements in nanotube-based devices were published in 1997-1998 42–45 and 
attempted to establish the electrical transport mechanisms through nanotubes. Tans et al. 43 showed that, 
by applying a voltage to a gate electrode, the nanotube can be switched from conducting to an insulating 
state; moreover, they reported that the device resistance is dominated by the contact resistance. Martel 
et al. 45 argued that the transport through the nanotubes is dominated by holes and at room temperature, 
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it is diffusive, not ballistic. Since the first transport measurement attempts, there have been many papers 
published to establish a complete and consistent picture of electrical transport in nanotube systems. To 
have a better insight into the transport properties of nanotubes, their band structure should be 
understood in detail.   
2.2.3 Band Structure 
 
There is a close relationship between the band structure of nanotubes and their transport 
properties. Figure 2-2b shows the Dirac dispersion cone of graphene. A band structure is formed when 
numerous 1D subbands are sliced from this Dirac dispersion cone and joined together. The energy of an 
ith electron-hole subband is given by: 
 𝐸𝑖(𝑘) = ± [ (ħ𝑣𝐹𝑘)
2 + (𝐸𝑔
𝑖 2⁄ )
2
] 1/2 (2-1) 
 
Where 𝐸𝑔
𝑖  is the individual energy gap determined by the difference of the quantized k states to the centre 
of the Dirac cone, ħ is the Dirac constant which is equal to Planck’s constant divided by 2π, finally 𝑣𝐹 ≈
8 𝑥 105 m/s is the Fermi velocity. Figure 2-2d shows the typical density of states of a 1D system46 and is 
given by:  
 𝑔(𝐸) = ∑ 𝑔𝑖(𝐸)
𝑖
,        𝑔𝑖(𝐸) =  
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(2-2) is critical because of factor 4 in the equation which comes from the fourfold degeneracy of each of 
the sub-bands at zero magnetic field. This is caused by both the spin degeneracy and the orbital 
degeneracy associated with the band structure of graphene.46 Another way to visualise this effect is to 
consider the separate left and right-handed electron states spiralling down the tube. A magnetic field by 
the orbital and Zeeman effects are employed to lift the fourfold degeneracy:  
 ∆𝐸𝑔
𝑖 = −(𝜇0 + 𝜇𝑠)𝑥 𝐵 = ±
𝑑𝑡𝑒𝑣
𝐹𝐵||
4
 ±
1
2
𝑔𝜇𝑏𝐵𝑡𝑜𝑡   (2-3) 
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where, 𝑑𝑡 is the tube diameter, 𝐵|| is the field parallel to the tube axis, 𝑔 is the electrons’ g-factor (energy 
levels of electrons under magnetic field), 𝜇 is the magnetic momentum and 𝐵𝑡𝑜𝑡 is the total magnetic 
field. Based on their fundamental bandgap, 𝐸𝑔, carbon nanotubes can be classified into three distinct 
electronic regimes: 47  
• True metallic nanotubes, where 𝐸𝑔 = 0. This is an ideal case however, it is not very common as 
all nanotubes possess small bandgaps due to curvature, strains or twist. In most cases, these 
types of nanotubes are aggregated with small bandgap tubes, and the combination is called 
“metallic.” 
• Small-bandgap nanotubes, these can be considered as metallic nanotubes with a small bandgap 
less than 100 meV) similarly resulting from disturbances; such as curvatures, strains and twists in 
the nanotube structure.  
• Nanotubes with bandgaps 𝐸𝑔 = 0.7
𝑒𝑉
𝑑𝑡
 (nm) which are calculated with the band theory 
explained above are called semiconducting nanotubes.  
Figure 2-2e and f show measurements of the conductance carried out at room temperature, as a function 
of applied gate voltage for both a semiconducting and a metallic (small bandgap) nanotubes.47 It can be 
observed here that, when the Fermi level is tuned into the bandgap, a wide near-zero conductance region 
forms. This is because the bandgap energy is considerably larger than the thermal energy (𝐸𝑔 ≫ 𝑘𝐵𝑇) 
where kB is Boltzmann’s constant, T is temperature; in the meantime, the small-bandgap tube displays 
only a small dip as the bandgap is comparable to the thermal energy,  𝐸𝑔~ 𝑘𝐵𝑇.   
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Figure 2-3. Density dependence of the capacitance of a single SWCNT. The measured capacitance between an individual 
semiconducting SWCNT and a metallic top-gate separated between individual semiconducting SWCNT and a metallic top-gate 
separated by 10 nm SiOx (shown in the inset). The top trace shows the dependence of the capacitance on the top-gate voltage. 
The bottom trace is the reference capacitance measured with the nanotube disconnected. The dashed line is a fi to a theory that 
includes electrostatic and density-of-states contributions to the capacitance (2) and (4). The conductance, G, measured on the 
same device. Adapted from Ilani et al.48 with permission.  
 
 𝐶𝑡𝑜𝑡
−1 =  𝐶𝑒𝑙𝑒𝑐
−1 + [𝑒2𝑔(𝐸)]−1 (2-4) 
 
In equation (2-4) the inverse capacitance consists of both the electrostatic term and a density of states 
term which is the quantum term. In Figure 2-3, the bandgap can clearly be seen, formed as a large dip in 
the measured capacitance, followed by features that correspond to the first and second 1D electron and 
hole subbands. Experimental data obtained by fitting of equations of (2-2) and (2-4) gives the electrostatic 
capacitance and bandgap of the nanotube, and in agreement with the calculated values which are based 
on the device geometry and the tube diameter. One of the key points Ilani et al. 48 argued here is that, as 
it can be seen in Figure 2-3, the measured conductance does not have hole-electron symmetry whereas 
the capacitance measured on the same device shows clear symmetry. This indicates that the capacitance 
depends only on the thermodynamic density of states whereas the conductance additionally depends on 
the carriers’ scattering rates and the contact resistances. Thus, capacitance provides an accurate picture 
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of the nanotube band structure and the number of charge carriers at a given gate voltage. Conductance, 
on the other hand, measures the transmission of electrons through the device.  
2.2.4 Transport Characteristics of Carbon Nanotubes:  
 
The Landauer formula, which expresses that the conductance of a 1D system, is a good start to 
fully understand the electron transport characteristics of carbon nanotubes and is given by:   
 
 𝐺 =
4𝑒2
ℎ
 ∑ ∫
d𝑓 [(𝐸 −
𝐸𝐹
𝑘𝐵𝑇
]]
d𝐸
∞
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𝑖
 Ɫ𝑖 (𝐸) d𝐸 (2-5) 
 
where Ɫ𝑖 (𝐸𝐹) is the transmission of the i-th 1D sub-band state at the Fermi energy and 
d𝑓
d𝐸
 is the derivative 
of the Fermi function. When the Fermi energy is in the bandgap, Ɫ𝑖 (𝐸𝐹) = 0 and the tails of the Fermi 
function control the conductance by getting thermally activated.  However, the conductance is 
determined by the nanotube as well as the contacts when the Fermi energy is within an electron or hole 
sub-band. If the nanotube has perfect contacts, electrons pass through the nanotube-metal interface 
without reflection and the transport is ballistic and quantized by the equation ((2-5) 4e2/h. For metallic 
SWCNTs, near-ballistic transport behaviour has been reported both at low temperature and room 
temperatures. 49,50 Liang et al.49 reported conductance values up to 3.3e2/h at 4K temperature indicating 
that some electron scattering is present in the nanotube devices, mostly at the metal-nanotube interface. 
In many of the devices they tested, a 220-nm SWCNT device showed slightly higher conductance than a 
530-nm SWCNT device. This could be attributed to the possibility of more defects being present in the 
longer CNT structure. Kong et al.50 tested ballistic transmission in nanotube electron waveguides at 
different temperatures and showed that at the maximum conductance limit of ballistic transport (𝐺 =
𝐺𝑜4𝑒
2/ℎ) is achieved at 1.5K (Figure 2-4). As the temperature was increased to 270 K, the conductance 
decreased to values below G/4 and they explained it by an increase of the probability of imperfections 
which might have led to localised insulating systems. A ballistic field-effect transistor based on 
semiconducting SWCNTs by Javey et al.6 showed that contacting semiconducting SWCNTs by Pd greatly 
reduced the formation of Schottky barriers at the interface, exhibiting room temperature conductance 
near the ballistic transport limit. They tested long (3µm, d= 3nm) and short (300 nm, d= 1.7 nm) SWCNT 
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devices. Highest conductance values achieved at room temperature for longer and shorter devices were 
around 0.4𝑒2/ℎ and 2𝑒2/ℎ, respectively. They showed that Pd, which is a noble metal with high work 
function (5.22 eV) and good wetting interactions with nanotubes, helped to achieve ballistic transport. 
Lowering the work function of Pd by exposing it to H2 in-situ resulted in forming almost zero Schottky 
barriers, resulting in ohmically-contacted, near-ballistic metallic tubes.   
 
Figure 2-4. Conductance vs gate voltage recorded under a dc bias of 1 mV at various temperatures. SWCNT sample diameter ~1.5 
nm, the length between electrodes ~800 nm. Inset: Data recorded with a second metallic SWCNT sample in the temperature range 
2-270 K. The overall conductance of the sample increases with decreasing temperature. Reproduced from Kong et al.50 with 
permission.  
Ballistic conductance of multiwall carbon nanotubes (MWCNTs) was reported in 1998 by Frank et 
al.51. Using a scanning probe microscope, a bundle of MWCNTs were attached to a gold wire and then 
were lowered into a liquid metal to establish a contact.  A potential difference was applied between the 
gold and the liquid metal and the conductance was measured as a function of MWCNT immersion length. 
Once the contact between the longest MWCNTs and the liquid metal was achieved, the conductance 
increased to 𝐺 = 𝐺𝑜 = 2𝑒
2/ℎ and remained at 2𝑒2/ℎ regardless of the immersion depth. As more 
subsequent MWCNTs made contact with the metal, an increase in the conductance was observed 
however only in steps of 2𝑒2/ℎ. This observation suggests that the ballistic transport occurs only in one 
shell of the MWCNTs (the shell that is in contact with the metal). Similarly, a study investigating the 
Aharonov-Bohm oscillations by Bachtold et al. 52 showed that the current flowing in a MWCNT would only 
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flow on the outermost shell of the nanotubes given that only the outermost shell is in contact. These 
investigations were later confirmed by both Berger et al. 2 and Poncharal et al. 3 
This is a good demonstration of the potential advantages of employing vertically-aligned CNTs for 
probing applications. Using an architecture based on CNT-metal hybrid structure, contacting probes which 
have potential ballistic conductance can be fabricated with only a few steps. Inside the probing structure, 
one shell metallised with a noble/transition metal for work function matching could provide the required 
conductance whilst other shells supported by the metallisation could supply the necessary mechanical 
stiffness to form a highly conductive but mechanically robust and compliant probe structure. Additionally, 
there is the possibility of parallel path conduction per MWCNT which can further reduce the quantum 
contact resistance. For example, if two shells of the same MWCNT can contact the metal, the resistance 
of the individual MWCNTs, then the contact resistance will potentially be reduced by half. Four shell 
channels per tube contact would further reduce the quantum contact resistance to a quarter of the 
theoretical value of a SWCNT.  
2.2.5 Classical Contact Resistance  
 
One of the biggest difficulties of implementing CNTs as microprobes or interconnects is the high 
contact resistance at the CNT-metal interfaces caused by the scattering of electrons at the interface 
between the metal electrode and the nanotubes.53,54  
In the classical sense (without coherence effects), the total resistance of a nanotube device with 
a uniform channel can be considered as:  
 𝑅 =  𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 +  𝑅𝑡𝑢𝑏𝑒  (2-6) 
 
where 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 ≥ ℎ/4𝑒
2 (6.45kΩ). This is the theoretical limit for 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 which can only be 
obtained when there is no scattering at the interface exhibiting ballistic conduction.55  
 𝑅𝑡𝑢𝑏𝑒 = (ℎ/4𝑒
2)(𝐿/𝑙) (2-7) 
 
where 𝐿 is the tube length, 𝑙 is the electron mean free path.  When 𝐿 ≫ 𝑙, the resistance deviates from 
ballistic and becomes more length dependent.56 In realistic situations, the tube length is always much 
longer than the average electron mean free path and there are always defects present within or on the 
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surface of the nanotubes.54 In devices, a combination of both contact and nanotube resistances affect the 
overall resistance. Heinze et al.57 demonstrated that the electrode geometry plays a dominant role in the 
resistance of the device, similarly Javey et al.6 and Yaish et al.58 observed that the resistance values could 
vary at different locations on the nanotubes.  
If vertically-aligned CNTs are assumed to be resistors in parallel, then the individual resistance of 
CNTs deposited could roughly be estimated, regardless of array length, by simply multiplying the overall 
resistance with the CNT density. The details of this approach and the CNT network resistivity calculations 
which are based on average individual CNT cross-section area, the number of CNTs per cross-section area, 
CNT length and average contact resistance are discussed in Chapter 4.  
2.3 CNT Synthesis Methods 
2.3.1 Arc-Discharge and Laser Evaporation Methods 
 
In the 1990s, arc discharge was widely used to produce carbon nanotubes and fullerenes.39,59,60 
The nanotubes in S. IIjima’s first report of CNT were synthesised by arc-discharge method, however the 
first-ever high-quality nanotube synthesis at the gram scale was reported by Ebbesen and Ajayan using 
the same method in 1992.59 One year later, Bethune et al. 60 showed that it was possible to grow single-
wall carbon nanotubes in good amounts by arc discharge. It was demonstrated that the arc discharge 
method allowed for high-quality CNT production in short amount of time, however, process temperatures 
reached up to 3000 oC, aligned growth was not possible, and the as-deposited material contained lots of 
impurities such as amorphous carbon, fullerene, and carbon nano-onions.61 Further purification methods 
were often required.62 Lange et al.63 utilised the arc discharge method in water for CNT production and 
reported good quality CNTs with much fewer fullerenes as a by-product. 
The laser evaporation method, a laser (usually a neodymium-doped yttrium aluminium garnet 
(Nd:YAG) is used to evaporate a mixture of graphite and transition metal alloy target inside a horizontal 
quartz tube.64,65 Vaporised graphite is then carried with Ar to a water-cooled copper collector. Once in the 
vapour phase, the as-grown CNTs are carried downstream by the carrier gas and deposited on to the 
copper collector. This method allows the production of large quantities of CNTs with fewer defects, 
however, there is little control over the process, meaning that there is no way to control the alignment, 
chirality or length. Moreover, high purity graphite rods and requirements of high laser powers make laser 
evaporation economically less advantageous. The first mass production of SWCNTs produced by laser 
evaporation, was achieved by Thess et al. in 1996.66 CNTs were metallic (10, 10), with resistivity values 
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<10-4 Ω-cm at 300 K. Catalytic growth of CNTs by laser evaporation is also reported by different research 
groups in the late 90s.67,68  
In summary, the required equipment combined with a large amount of energy consumed during 
deposition by these methods makes them less favourable for the main production method for nanotube 
growth.66,67,69,70 Furthermore, with arc discharge and laser evaporation methods, only tangled nanotube 
bundles mixed with powders of other carbon forms are produced, which then needs to be purified. 
Ordered nanotube structures which are only possible by a controlled synthesis method have not been 
reported by these methods. 
2.3.2 Chemical Vapour Deposition (CVD) 
 
The CVD method has become the most commercially-viable method for nanotube production 
starting in the late 90s due to its potential industrial scalability and compatibility with other 
semiconductor manufacturing processes.36,71,72 This method consists of the decomposition of a gaseous 
or evaporative state compound of carbon in a chamber, heated between 750-900 oC, and catalysed by 
metallic nanoparticles; these nanoparticles also act as nucleation sites to initiate the carbon nanotube 
growth (Figure 2-5). The term chemical vapour deposition comes from the heterogeneous reactions in 
which both solid and gaseous products are obtained from a vapour precursor through different chemical 
reactions; the solid product is typically obtained on a substrate.71 One of the biggest advantages of using 
CVD methods is that they allow good control over the morphology and structure of the grown nanotubes. 
Additionally, the growth process takes place at much lower temperatures than other methods, whilst still 
producing high quality, well-separated individual nanotubes on substrates.36 This allows the possibility of 
fabricating the nanotubes directly onto electronic devices.73,74  
 
Figure 2-5. A schematic illustration of a CVD system. A thin film of catalyst is deposited on the substrate and placed inside a quartz 
tube. Reaction and carrier gases are passed through the tube. CNTs are deposited on the substrate after the growth process. 
Adapted from Yellampalli et al.75 with permission.  
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Several CVD methods have been developed over the last fifteen years. They are based on using 
an energy source such as a heater, a furnace, a filament and/or a plasma to decompose the carbon source 
gas and provide the driving force for nucleation and growth.  The main CVD methods used to deposit 
carbon nanotubes are reported below.  
2.3.3 Plasma-Enhanced CVD (PECVD) Method 
 
Plasma-enhanced CVD (PECVD) method has been extensively studied and showed great potential 
to produce high-quality single-wall and multi-wall nanotubes in mass amounts. Dai’s group at Stanford 
76,77, Cambridge Nanotube group 78–80, Surrey Nanotube group led by Silva81 and a few other research 
groups 82–84 have extensively studied the reactive species in the plasma system and showed that they 
could enhance the growth of very small diameter nanotubes at lower temperatures, with implications to 
both diameter control and selective etching of metallic SWCNTs. In 2002, Boskovic et al. 81 demonstrated 
large-area deposition of carbon nanofibers at room temperature by substituting thermal energy 
requirement for growth with plasma decomposition of methane. Similarly, Hoffman et al. 85 investigated 
the low-temperature growth of nanotubes via PECVD and showed that CNTs grown with acetylene as the 
carbon source, aided with a plasma aid gave the highest yield compared to methane or ethylene. Growth 
temperatures, as low as 120 oC, were reported, enabling the possibility of growing nanotubes on plastics 
for future nanoelectronic devices.78 However, these CNTs were highly defective. Dai’s Stanford group 
showed two aspects of PECVD growth. First, they found out that CNTs grown with PECVD at around 600 
oC were almost 90% semiconducting 76 with diameters around 1.2 nm, indicating the possibility of highly-
selective CNT growth. Secondly, in another study77, they showed that using an oxygen-assisted CVD 
method, it was possible to scavenge H species that were inevitably present in the hydrocarbon growth. It 
was revealed that these H species were damaging to the formation of sp2-like SWCNTs in a diameter 
dependent aspect, therefore removing them provided a solid control over the C/H ratio to boost SWCNT 
growth to achieve ultra-high yields. 
Overall, PECVD is an efficient way of producing vertically-aligned nanotubes at lower 
temperatures (< 600 oC), however, producing highly-metallic nanotubes is more difficult compared to the 
laser evaporation method due to the lower deposition temperatures.  
2.3.4 High-pressure Catalytic Decomposition (HiPCO) Method 
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High-pressure catalytic decomposition of carbon monoxide (HiPCO) is another CVD method that 
has been used to produce nanotubes, using CO as the carbon source, at high pressures. This process 
employs floating catalysts rather than fixed. Organometallic precursors such as iron pentacarbonyl 
(Fe(CO)5) are thermally decomposed and transferred by carrier gases at high temperature (800 – 1200 oC) 
to form small metal clusters, on which nanotubes nucleate and grow.  Using CO as the carbon source was 
first shown by Dai et al. 68 in 1996, using a fixed Mo-catalyst, at 1200 oC growth temperatures. They 
produced around 61% semiconducting nanotubes and showed that the catalyst was still present at the 
tip, proving that the catalyst nucleated the growth. Nikolaev et al. 86 from the same Rice group later used 
a floating catalyst to produce SWCNT as narrow as 0.7 nm in diameter at the highest temperature and CO 
pressure 1200 oC, 10 atm respectively. This method was proposed as a continuous-flow process, not a 
batch process, meaning that very large amounts could be manufactured. Another advantage of using CO 
as the C carbon source is reducing the amount of amorphous carbon deposited on the end CNT product 
compared to other hydrocarbon sources.  
2.3.5 Photo-thermal CVD (PTCVD) Growth of CNTs 
 
The PTCVD technique, pioneered at Surrey,74,87 uses light as a source of energy to heat the catalyst 
from the top whilst the substrate is continuously cooled down from the bottom, using a water-cooled 
stage. This allows the substrate to be kept at temperatures that are compatible with the CMOS 
applications (below 400 oC)88,89 by efficiently coupling the heat with the catalyst front. This system is 
designed to replace resistive heating with light in a process similar to the rapid thermal heating where 
light/infrared radiation is used to heat the catalyst. Like other CVD methods, a hydrocarbon source 
(acetylene) and a reducing gas (hydrogen) are required. The rate of the flow of gases, the process pressure 
and the intensity of the lamp power determine the type, dimensions and the quality of the CNTs.73,74 A 
thermal/diffusion barrier layer is deposited between the catalyst and the substrate to block the thermal 
heat dissipating into the substrate; this barrier also acts as a diffusion barrier, preventing the Fe catalyst 
from diffusing into Si to form silicides which are scattering points.74 This method is a very effective way of 
localising the required energy on to the catalyst, for the efficient nucleation and growth of the CNTs.  The 
CNTs produced are high quality, mostly multi-wall and highly vertically-aligned, in a process that is CMOS 
compatible.74,88,89 The details of this system and the growth parameters to achieve type-selective, extra-
long (> 300 µm), good quality CNTs is discussed in detail in Chapter 4.  
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2.3.6 Other methods of CVD CNT Growth 
 
There are many other methods of CVD deposition of CNTs. Point-arc microwave plasma (PAM-
CVD) is claimed to have a very low, scalable power consumption to produce extremely dense vertically-
aligned nanotubes for patterned microchip applications.84 Water-assisted CVD (WA-CVD) growth, that 
uses water vapour to enhance the catalytic efficiency which leads to more precise control on growth, 
allowing the growth of mm long forests.90 Alcohol-CVD (A-CVD) is another method which uses alcohols 
such as methanol and ethanol as a carbon source. It is reported that the OH radical groups from the 
alcohol help to remove the amorphous carbon efficiently during growth at high temperatures, resulting 
in less defective SWCNTs.   
The main CVD methods used to produce both single and multiwall nanotubes are summarised in 
Table 2-1. Based on the data obtained from the table, we note that most of the reported SWCNT growth 
requires higher temperatures (> 750 oC) compared to MWCNTs (> 450 oC), for both vertically-aligned and 
non-aligned CNT forests. There are exceptions to both cases. In addition, the nanotube diameter is 
influenced by the type of catalyst used and the catalyst thickness. Thicker catalyst layers (> 5 nm) generally 
result in larger CNT diameters. Moreover, smaller nanotubes diameters and maximum forest lengths (5 
mm Iijima et al.91 and 2.1 mm Ishida et al.92) are achieved when Fe is employed as the catalyst. Studies 
showed that using ferrocene (Fe(C5H5)2) as the catalyst has the advantage of avoiding poisoning of the 
catalyst (this phenomenon will be discussed in 2.3.7) as the ferrocene is a floating catalyst and it is fed to 
the reaction chamber in gas form by using non-reacting carrier gases; therefore, the growth is not limited 
by the catalyst life. In the case of a fixed catalyst, however, a sputtered or evaporated thin film is formed 
into nano-size molten metal islands and on each of these small islands, CNTs nucleate and grow. Studies 
using the floating catalyst also reported larger CNT diameters93,94, this could be important in probing 
applications to tune the stiffness and also the CNT areal density. Even though the CNT diameter has a 
small influence on the strength of CNTs (as shown in 2.5), the diameter will still affect the CNT density per 
area. When using a fixed catalyst, the thickness of the thin catalyst film directly affects the diameter of 
the CNTs (discussed in detail in 2.3.8). Finally, it can be seen in the table that for Fe sub-nanometer catalyst 
thickness yielded smaller CNT diameters.76,95 
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Table 2-1. CVD systems and important growth parameters and catalysts used for growing nanotubes by many research groups.  
Method 
Type of 
CNTs 
Growth 
Temperature (oC)  
Catalyst 
Catalyst 
Thickness 
(nm) 
Source of 
Hydrocarbon 
CNT Growth 
Rate 
CNT 
Diameter 
(nm) 
Ref 
CVD MWCNT ~600 Ni, Fe 20, 10, 5 Acetylene - 10-300 96 
Alcohol 
CVD (A-
CVD) 
SWCNT 700-800 
Fe acetate 
(CH3CO2)2Fe 
and Co Acetate 
(CH3CO2)2Co-
4H2O 
- - - 1 97 
CVD 
Alinged -
MWCNT 
650 -1050 Ferrocene _ Xylene 
average of 25 
microns/h 
- 98 
CVD 
Vertical 
MWCNT 
820 
Iron 
Chloride(powd
er form, FeCl3) 
No need Acetylene 
2.1 mm 
long/20 min 
30-50 92 
CVD - - Fe-Co Alloys Fe 1 
Acetylene, 
Ethylene 
- - 90 
CVD MWCNT 600 
Co in the form 
of CoSi2 
20 CoSi2 Acetylene 
17mg/cm3, 
around 20 
microns 
7 - 4 
walls 
99 
CVD MWCNT 600-750 
A combination 
of Fe,Ni,Cr 
- Acetylene - - 100 
CVD SWCNT below 450 Fe,Co,Ni 0.1-0.3 Acetylene 
around 5 
microns 
0.8-1.6 95 
CVD SWCNT 580, Ni - 700 Ni, Fe 0.5 - 1 Acetylene - - 101 
CVD 
VA-
MWCNT 
950-1000 Co 10-100 - 40 microns 30-50 102 
CVD 
VA-
MWCNT 
1050 Ferrocene - 
Melamine - 
C3H6N6 
100-500 nm 40 93 
CVD CNT - Ni 0.5 - 2.0 Acetylene - - 103 
CVD - 400-600 Fe 0.08-0.6 Acetylene - - 104 
CVD 
VA-
SWCNT 
- - 3 - 
200 microns 
in 10 min 
- 105 
CVD CNT 850 Fe 1 Ethylene - - 106 
CVD CNT 840 Fe 1 Acetylene - - 107 
CVD CNT 900-1050 Ferrocene - 
Melamine - 
C3H6N6 
- - 108 
CVD SWCNT - - - - - 1.9 109 
CVD - 600-800 Fe 1 Acetylene 
Up to 30 
microns/min 
4-8 110 
CVD SWCNT 1000 FE2O3 1 Methane 10 micron 1.3-5.4 111 
CVD SWCNT 850-1000 Fe/Co Aerogel - Methane - 10-20 112 
CVD SWCNT 820 
Fe-Mo 
Bimetallic 
- Methane 6g/h 7-10 113 
CVD MWCNT 800 Al/Fe alloy - Ethanol Vapour 
2.25 x 10e-3 
mg/s 
0.76-1.14 114 
CVD MWCNT 800-1000 Fe - Methane - - 115 
CVD MWCNT 750 Fe, Ni, Co - Ethanol Vapour 1-5 µm 25-90 116 
CVD SWCNT 750-1200 Ferrocene Floating Acetylene - 0.7-1.8 117 
CVD MWCNT 1100 Ferrocene Floating Ethanol Vapour - 20-40 94 
CVD SWCNT 800 - 950 Fe-Mo/MgO - Acetylene 10-20 µm 0.8-30 118 
CVD DWCNT 820-900 Fe/Co/MgO - Methane - 10-50 119 
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Method 
Type of 
CNTs 
Growth 
Temperature 
Catalyst 
Material 
Catalyst 
size/Thickn
ess 
Source of 
Hydrocarbon 
CNT Growth 
Rate 
CNT 
Diameter 
(nm) 
Ref 
CVD MWCNT 900 - 975 Mo/Fe/Al 0.1/0.5/10 Methane 10-20 µm Up to 3 120 
HiPCO SWCNT 800-1200 
Fe 
Pentacarbonyl 
(FeCO5) 
- CO - 0.7 86 
 PECVD 
(MPE-
CVD) 
Alinged -
MWCNT 
Around 600 Ni 
Grain size; 
20-150 
Methane 8.5 µm /min Up to 10 121 
MPECVD SWCNT 500-700 
Fe-Mo /MgO 
alloy 
- Methane - 1 82 
MPECVD SWCNT 600-750 
Fe sandwiched 
between 0.7 
nm alumina 
0.5 Methane 
up to 270 
µm/h 
below 10 84 
MPECVD MWCNT 700 Ni-Co - Methane - 30-50 122 
MPECVD MWCNT 700 Ni - Methane 8.5 µm/min 10-50 123 
PE Hot 
Filament 
CVD 
MWCNT - Ni 50 Acetylene 
Site Density 
of 105 to 108 
cm-2 
50 124 
PECVD MWCNT below 550 Ni, Co, Fe - Acetylene - 5-40 80 
PECVD VACNT 550-850 Ni 3 Acetylene - 5-100 125 
PECVD 
MWCNT-
VA 
550-950 Ni 0.5 – 9.5 Acetylene 7 nm/s - 126 
PECVD 
VA-
MWCNT 
as low as 120 Ni 6 
Acetylene, 
Methane, 
Ethylene 
1-10 nm/s - 78 
PECVD CNF 200-750 Ni,Fe,Co 
Ni 6, Co 
and Fe (5-
15 ) 
Acetylene, 
Methane 
0.1-10 nm/s - 127 
PECVD CNT 500-550 Ni,Fe,Co  Acetylene - - 79 
PECVD SWCNT 600 Fe 0.1 Methane - 1.2 76 
PECVD SWCNT 750 Fe 1 Methane 200 nm 1.5-5 83 
PECVD SWCNT 600 Fe 0.5 Methane 0.5 cm 3 128 
PECVD - 450-500 Co and Ni 80 Acetylene 30 µm 60-80 129 
PECVD MWCNT 700 Ni - Acetylene 20 µm 100 130 
PECVD MWCNT 666 Ni 
Ni 
Substrate 
Acetylene 50 µm 10-500 131 
PECVD MWCNT 900 Ferritic Nitride - Methane 20 µm 10-50 132 
PTCVD MWCNT 350-450 Ni - Methane 30 nm/min 20-50 88 
PTCVD MWCNT 350-420 Fe 1 Acetylene 3 nm/s 
0.89 - 
1.65 
74 
PTCVD MWCNT 350-440 Fe 3 Acetylene 
Up to 2 
µm/min 
0.85-2.54 73 
TCCVD SWCNT 750-950 Fe 30 Acetylene 
0.5 to 2.0 
nm/min  
30-130 133 
Water 
Assisted
CVD 
SWCNT 800 Fe - Ethylene Up to 2.5 mm 1-3 91 
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It should be noted here that the parameters that provide good growth conditions for one system 
may not work on another. In other words, a high acetylene/hydrogen ratio could work for a system that 
uses Ni as the catalyst, but Fe catalyst could require a lower acetylene/hydrogen flow ratio but a higher 
process pressure to achieve the same growth rate/quality. Therefore, the CVD parameters may easily 
vary; however, these results provide a good fundamental understanding of the growth mechanism and 
allow for tuning of the growth conditions according to the applications.   
2.3.7 Catalytic Growth Mechanism of Carbon Nanotubes  
 
Different growth mechanisms were proposed since the discovery of nanotubes based on the 
reaction conditions, as-grown products and resulting by-products. To this day, the vapour-solid-solid 
model (VSS) is the most accepted to describe the growth mechanism of CNTs.134 A hydrocarbon vapour is 
introduced into a chamber, where a thin film metal catalyst is partially melted to form small nanoparticles. 
Once the hydrocarbon comes in contact with the metal it first decomposes into C and H atoms; C then 
starts to diffuse and dissolve into the metal until the metal’s carbon-solubility limit is reached at a certain 
temperature. After that, as-dissolved C precipitates towards the surface of the metal and starts to 
crystallise to decrease the number of dangling bonds in order to reach a lower energy configuration. 
Decomposition of the hydrocarbon is an exothermic reaction which releases heat and crystallisation of 
the carbon atoms requires energy (endothermic) from the metal’s precipitation zone. This fine thermal 
gradient formed on the surface of the catalyst serves as the driving force for the process.134 Two main 
possible growth paths are proposed: tip growth and base growth.  
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Figure 2-6. Growth mechanism steps of catalytic CNT growth. (a) Tip growth; (i) nucleation of CNT lifting the catalyst particle (ii) 
carrying of the catalyst off the substrate during CNT growth (iii) Growth stops when the excess carbon builds up on the catalyst 
(b) Base growth (i) Nucleation of the carbon on the top of the catalyst whilst the catalyst remains static on the substrate. (ii) 
Growth of the CNT structure with the catalytic nanoparticle still attached to the surface of the substrate. Reproduced from Kumar 
et al.135 with permission.  
When the metal-substrate interaction is poor (low contact angles), the hydrocarbon molecules 
break down on top of the surface of the catalyst nanoparticles then carbon moves down through the 
catalyst by diffusion leading to a CNT precipitate out from the metal bottom. The catalyst then loses 
contact with the substrate and is carried upwards towards the growth direction of the CNT. This is 
identified as “tip growth” and illustrated in Figure 2-6ai-iii v. If excess carbon builds up at the surface of 
the catalyst, it stops the process as the concentration gradient decreases and the catalyst activity ceases.  
In the case of “base growth”, the catalyst nanoparticles remain attached to the substrate due to 
high wetting of the nanoparticle on the substrate. Initially, hydrocarbon gases decompose on the top 
surface of the catalyst (Figure 2-6a-i) as in the top growth mechanism and the carbon formed diffuses 
through the catalyst until saturation. However, the CNT precipitation fails to push the catalyst up so the 
precipitation is forced to edge out from the catalyst’s farthest part where the interaction between the 
catalyst and the substrate is the weakest. Subsequent hydrocarbon decomposition takes place on the 
lower peripheral surface of the catalyst and the C diffuses upwards and crystallises, forming the CNT 
structures (Figure 2-6b-ii).  
Baker et al.136  first observed the carbon filament growth mechanism using an in-situ TEM in 1972. 
A gas reaction cell was placed inside a transmission electron microscope (TEM) specimen chamber, and 
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the growth of carbon fibers were observed at temperatures between 600 – 1200 oC. Ni was used as the 
catalyst and acetylene was the carbon source. They observed that the catalyst nanoparticle changed its 
shape and moved upwards toward the growth direction of the fibres. In another study, they reported 
similar types of growth mechanisms for Fe, Co, and Cr catalysts.137 Baker et al. 138 performed another 
growth of carbon fibres using a bimetallic Pt-Fe catalyst; this time, the catalyst was observed to remain 
attached to the substrate whilst the filament kept growing. This led to defining the base-growth model 
and was explained by the strong interactions formed between the SiO2 substrate and the Pt-Fe catalyst. 
Other studies then reported similar observations, however, the diffusion mechanism, whether the 
diffusion was bulk or surface diffusion, was still debatable. 
 
Figure 2-7. In-situ HRTEM Image sequence of a growing carbon nanofiber extracted from a movie clip. Images A-H illustrate the 
elongation and contraction process. Drawings are included to guide the eye in locating the positions of mono-atomic Ni step-
edges at the graphene–Ni interface. Scale bar 5 nm. Reproduced from Helveg et al. 139 with permission.  
 
In 2004, Helveg et al. 139 succeeded in observing MWCNT growth from methane decomposition 
at 500 oC, using a Ni catalyst, inside a high-resolution TEM (HRTEM) (Figure 2-7a-h). They proposed that 
the catalyst remained crystalline, with well-faceted shapes throughout the growth process, indicating a 
mechanism effectively mostly confined to the surface. The proposed model suggested that, because of 
the influence of surface diffusion at the surface of the Ni catalyst, it’s shape had changed. The nucleation 
and growth of graphene layers were supported by the changes in the mono-atomic step edges on the Ni 
catalyst surface.  
The growth sequence is as follows:  
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- C decomposes and diffuses into the Ni catalyst.  
- Ni forms an elongated, high-aspect-ratio shape which helps the formation of graphene sheets towards 
the longitudinal direction of the catalyst (Figure 2-7b-c).  
- Graphene sheets are aligned parallel to each other in order to reach a lower energy state and to form a 
tubular structure (Figure 2-7d).  
- Growth continues with increasing the Ni catalyst aspect ratio; at this stage, Ni catalyst is still in contact 
with the substrate (Figure 2-7e-g).  
- Once the aspect ratio of the catalyst reaches a certain value (~4:1), it rapidly changes shape and forms a 
sphere-like shape (Figure 2-7h), in order to minimise the surface energy of the catalyst.  
- The elongation/contraction process repeats periodically, causing defects in the structure by disordering 
the alignment of the graphene sheets.  
- Growth stops once excessive carbon atoms encapsulate the catalyst or when the processed is stopped 
by removing either the carbon source or temperature from the process.  
This observation confirmed the proposed tip growth mechanism and gave insight into the evaluation of 
the catalyst during growth and how it could affect the deposited CNT properties.  
2.3.8 Selection of the Catalysts, Substrates and Interlayers for Growth  
 
As discussed in 2.3.7, the growth mechanism is directly related to the catalyst. Additionally, the 
type and the size of the catalyst have an influence on the final structure (chirality) and properties of the 
as-deposited CNTs. Ideally, a catalyst should increase the rate of another reaction by lowering the 
activation energy but should not appear in the final product.140 The active sites on the catalyst are 
important for the precursor to access to diffuse into the catalyst’s surface, as diffusion is the rate-limiting 
step in growth.127 Usually, transition metals with unoccupied states in the d-orbitals are used as catalysts 
for CNT growth. Early transition metals, such as Ti and Hf, show higher binding energies at their d-orbitals 
which result in the formation of carbides and blockage of the catalyst; further arriving precursor atoms 
then just bounce off of the surface and eventually builds up as an amorphous carbon layer.141 Noble 
metals, on the other hand, show the opposite behaviour; due to having very low binding energies with C, 
they do not easily adsorb the precursor, which results in poor dissociation rates.141 The two types of 
extreme behaviours are illustrated in Figure 2-8b as reaction rate vs. d orbital energy, with Fe showing the 
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highest reaction rate compared to Ti (early transition) and Cu (noble). Figure 2-8a further shows that the 
carbide heat of formation energy increases with d orbital occupancy energy but carbon solubility 
decreases. The optimum balance between carbide formation and carbon solubility appears to be achieved 
when Fe is chosen as the catalyst, followed by Co and Ni.  
 
Figure 2-8. (a) Experimental metal carbide heat of formation and carbon solubility vs. metal d orbital energy (calculated) with 
respect to the Fermi energy of carbide. Lines are only guidance. (b) Reaction rate vs. metal d-orbital energy. It peaks at Fe d-orbital 
energy level; towards Cu resembles the novel transition metal behaviour with low biding d orbital energies; towards Ti early 
transition metal behaviour with high binding d orbital energies. Adapted from Robertson et al.141 with permission.   
 
 
Figure 2-9. The schematic phase diagram of Fe-graphite (solid lines) and the metastable Fe-carbide (dashed lines) systems with 
corresponding eutectoid points: 740 and 727 OC indicating two growth routes: the metallic (A-red arrow) and carbide route (B-
blue arrow), respectively. Grey dashed lines are linearly extrapolated phase boundaries. Reproduced from Wirth et al.142 with 
permission.  
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Wirth et al.142 proposed two growth routes that directly affect the chemical state of the Fe catalyst 
determined by the eutectoid points of γ/α-Fe and α-Fe-carbide (Fe3C), 740 oC and 727 oC, respectively, as 
shown by the schematic section of the Fe-C phase diagram in Figure 2-9. The crystal structure of the 
catalyst on a Si wafer substrate (with a 200 nm SiO2 and 10 nm thick Al2O3 support layers) was 
characterised in-situ by x-ray diffraction (XRD) during CNT growth. They reported that the phase changes 
of the catalyst were in agreement with the bulk Fe-C and Fe-Carbide phase diagrams. However, the nano-
size catalyst thin film is known to melt at a lower temperature due to surface tension without undergoing 
phase transitions.142 Thus, the red arrow in Figure 2-9 indicates the metallic growth route for 
temperatures above 740 oC which is mostly driven by α (ferrite) and γ (austenite) phases of iron. Chen et 
al.74 reported that in this region, the growth rate decreases slowly with increasing temperature, as shown 
in Figure 2-9, although the increasing temperature will also increase the solubility and the diffusion 
coefficient of carbon in both phases of iron which can result in higher growth rates. 125,126 Chen et al.74 
stated that the diffusion coefficients of carbon are in γ phase are lower compared to the α phase by half 
a magnitude at 740 oC and concluded that in the PTCVD system the decreasing growth rate via the metallic 
route with increasing temperature was the result of the decrease in the α phase iron due to the unique 
energy coupling of the PTCVD system.  
Below 727 oC, cementite (Fe3C) is the most dominant iron phase mixed with the α-phase iron and 
the growth follows the carbide route (see the blue arrow in Figure 2-9). Cementite has a lower carbon 
diffusivity than both α and γ phases of iron, therefore it restricts the growth rate by the percentage of the 
carbide phase in the catalyst. Additionally, between 560-700 oC the diffusion coefficients of cementite are 
five orders of magnitude smaller than the diffusion coefficients of α iron. This could explain the observed 
the decrease in the growth rate with decreasing temperature because of the carbon diffusivity of 
cementite diminishing rapidly, observed by Chen et al.74 for the PTCVD system. 
The aluminium support layer is believed to have two effects on the efficiency of the CNT growth. 
First of all, it prevents the catalyst from coalescence during the annealing process observed by Zheng et 
al. 143 It is reported that the formed thin native oxide layer of the evaporated aluminium acts as an anchor. 
Additionally, aluminium exhibits a high reflectance which can be advantageous for the PTCVD system since 
the heat is delivered to the catalyst as optical heat which means that the catalyst could be effectively 
heated twice without raising the substrate temperature.74  
In conclusion, the choice of catalyst directly affect the chirality144 and diameter of 
nanotubes.80,101,105,145–147 Among the most widely used catalysts (Fe, Ni, Co, etc.) Fe is the most suitable 
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catalysts for CNT growth. Catalyst thin films are deposited by PVD methods (DC magnetron sputtering or 
thermal/e-beam evaporation) on to the substrate. PVD methods provide high uniformity, accurate 
thickness and compatibility with the semiconductor industry.  Nanoparticles are formed by annealing the 
thin film at high temperatures using reduction gases (such as hydrogen or argon) at certain pressures. 
Small islands of the catalysts are formed due to the fact that the three-dimensional nanoparticles possess 
a lower energy state than a continuous thin film.101 Hydrogen gas is also used to reduce oxidised catalysts 
(explained in detail in Chapter 4) as catalyst thin films oxidise when exposed to ambient air during sample 
handling.  
The floating catalyst could be advantageous to grow long (>300µm), highly-aligned CNT 
forests.93,94,98,108 In this case, an organometallic compound is used as the catalyst. Ferrocene (Fe(C5H5)2) is 
the most commonly used floating catalyst; it has a boiling point of 249.3 oC and evaporates before being 
carried into a CVD chamber by a carrier gas (usually Ar) and then mixed with decomposing hydrocarbon 
source. This method was proposed as a continuous process for the growth of CNTs by Nikolaev et al.86, as 
the catalyst can be continuously fed and does not have the risk of getting poisoned by the excess amount 
of carbon in a large scale industrial manufacturing.  
The most commonly used substrate is a Si wafer due to the potential of using nanotubes within 
the electronics industry; however, nanotubes can be grown on different substrates such as quartz, 
alumina, glass, etc. When grown on Si, heating the Si to high temperatures with the thin film of catalyst 
on it can cause metal (e.g. Fe) particles to diffuse into Si and form silicides.105,106 The silicides act as electron 
scattering points and when the catalyst metal diffuses into Si its catalytic efficiency is reduced.141 Hence, 
a diffusion/thermal barrier layer is needed. The most commonly used diffusion barriers are SiO2, TiN and 
Al2O3. SiO2 and Al2O3 are not electrically conducting layers, therefore using these layers limit the as-grown 
CNTs’ applications greatly. Nitride layers, on the other hand, are conductive. De los Arcos et al.106 reported 
high-quality CNT growth on Si deposited with a layer of TiN. Ahmad et al.73 showed a good ohmic contact 
between TiN layers interconnected with MWCNTs could be achieved. Similar results are reported here.148 
Fabricating CNT-based electromechanical probes will require extra-long (≥ 300 µm) vertically-
aligned metallic CNTs for good electrical and mechanical performance. Given that currently available 
probes are in millimetre size, one of the first objectives of this project is to grow CNT forests towards 
millimetre-size. This could be achieved by engineering the substrate interlayers, the catalyst thickness, 
and the CVD growth parameters. Based on the literature review reported in Table 2-1, the considerations 
of the substrate structure and the choice of catalyst discussed in this section; Fe was chosen as the catalyst 
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for this project. The catalyst thickness is kept constant, however various substrates with different 
thermal/diffusion barrier layers were used in order to achieve good quality, vertically-aligned, CNT forest 
growth (details are discussed in Chapter 4).  
Additionally, manufactured probes (see Chapter 1.3) are expected to withstand certain contact 
pressures and reproduce contacts thousands of times. This indicates that good adhesion between the 
probes and the substrate is essential. It was observed in different studies 78,149 that the adhesion between 
the as-grown CNTs and the substrate is weak. This could suggest that a transfer of as-grown CNTs might 
be needed to achieve better adhesion and good electrical contact. This will be set as a secondary priority, 
as achieving sufficient CNT lengths, regardless of the type of substrate/interlayers (whether they are 
insulators or conducting layer) used. Growing high aspect ratio CNT structures is the main initial objective 
because of the nature of the potential application. However, in order to build on-chip micro contact 
arrays, a TiN barrier layer should be used to achieve an ohmic contact.  
Similarly, highly-stretchable, directionally-oriented CNT network-based wearable strain sensors 
require metallic, long, and good quality CNTs to have a linear sensitivity-stretchability. Since the CNTs are 
transferred into a PDMS matrix, the conductivity of the substrate is not a concern. This is discussed in 
more detail in Chapter 6.   
2.4 Contacting Nanotubes 
 
There are two types of metal-nanotube contacts that can form at the interface and decrease the 
conductance below the theoretical 4𝑒2/ℎ value.150 The first is an ohmic type of contact. This type of 
contact provides near perfect transmission; however, the imperfections at the interface and the overlap 
of the metal-nanotube electronic states increase the resistance at the metal-nanotube interface. Studies 
reported that Au and Pd provided the best contacts to nanotubes.6,151 The IBM group found that, even 
though Ti provided excellent wetting properties and a compatible work function with the nanotubes, it 
showed high contact resistances152 which could be due to the formation of Schottky barriers at the 
interface but also due to the highly reactive nature of Ti resulting in the formation of native oxide surface 
layers.  
The second type of contact that can form at the interface between a metal and a semiconducting 
contact is the Schottky contact (barrier). Figure 2-10(a-c) shows Schottky barriers for different types of 
2.4. Contacting Nanotubes 
40 
 
contacts. The properties of the barrier depend on the band alignment at the metal-semiconductor 
interface Figure 2-10a.  
 ø𝑆𝐵
𝑝  = ø𝑁𝑇 +  𝐸𝑔/2 −  ø𝑀 ,   ø𝑆𝐵
𝑛  = ø𝑀 −  ø𝑁𝑇 +  𝐸𝑔/2   (2-8) 
 
The heights of the Schottky barriers for hole and electron injection are given by the work functions of the 
metal contacts, øM, the work function of the nanotube,  øNT, and the energy gap of the nanotube, Eg as 
can be seen in Figure 2-10a.153  
 
 
Figure 2-10. Schottky-barrier height at the metal/nanotube interface (a) nonaligned metal and nanotube energy levels before they 
are brought together (b) for contacts with the work function at the nanotube mid-gap. (c) p-type contacts, (a,b,c) reproduced from 
Biercuk et al.41 with permission.  
A Schottky barrier for both n and p-type carrier injections will be observed if the Fermi level of 
the metal falls at the midgap of the nanotube (Figure 2-10b). When the metal’s Fermi level aligns with the 
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hole band, a large Schottky barrier to electron injection will form but no barrier will be observed for hole 
injection (Figure 2-10c). 41 This indicates that even though the nanotube bands are electron-hole 
symmetric, its contacting properties are not, as discussed in Figure 2-3.  
Additionally, the tuning of the Schottky barrier is possible. Heinze et al.57 achieved this by exposing 
the contact metal to O2, the work function of the contact metal was tuned by the adsorption of oxygen. 
Initially, the device showed n-type conduction, however as the adsorbed O2 increased, p-type conduction 
became more dominant due to an increase in the work function of the metal. 
 
Figure 2-11. (a) Metal-nanotube contact resistance versus metal work function, the highlighted grey area is CNT work function 
range. (b) Contact resistance versus work function behaviours for metals with work functions between 4.2 and 5.7 eV highlighting 
the relationship between unoccupied d-orbitals and contact resistance. CNT work function range is shown in shaded colour. 
Reproduced from Chen et al.154 with permission.   
Other studies explored many different contact metals and the importance of identifying and 
eliminating Schottky barriers. High work-function metals, such as Pd, Pt, Rh show good p-type contacts to 
tubes, whilst low work-function metals such as Al, Ti produce better n-type contacts. 6,57,154–156 As a general 
rule; the contact properties of nanotubes are sensitive to the ambient environment and can be tuned by 
shifting the work function of the metal contacts. It should further be noted that using a high work function 
metal contacts does not always result in good, ohmic type contacts (Figure 2-11a). In addition to the high 
work-function of metals, good wettability and the number of unoccupied d-orbital vacancies are the other 
criteria to realise a good contact with CNTs.157–160 Liebau et al.159 argued that the more unoccupied d-
orbitals a contact metal has the lower the contact resistance will be. They reported that Co, which is a 
transition metal with three unoccupied d-orbitals, yielded a much lower contact resistance compared to 
Au and Pt metals. Similarly, Heinze et al. 57 demonstrated that, even though Pt has a higher work function 
than Pd, it formed more resistive contacts. This was attributed to the formation of additional tunnelling 
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barriers due to the poor wetting of the nanotubes by the contact metal. Matsuda et al.161 similarly 
investigated the contact resistance properties between nanotubes and various metals via simulations, as 
shown in Figure 2-12, and reported that the suitability of the metals was Ti > Pt > Cu > Au, considering 
only contact resistances. Furthermore, Ti formed ohmic contacts through its strong chemical bond to 
carbon atoms on both metallic and semiconducting CNTs, as displayed in Figure 2-12a. However, their 
calculations did not take into account the high reactivity of the Ti metal, which could easily lead to 
oxidation. Additionally, all calculations based on perfect contact geometries as well as no defects, which 
is rarely the case. However, their findings agree with the other studies mentioned in this section.  
 
Figure 2-12. I-V characteristics of the metal-graphene (two sheets of AB stacking) models. (a) I-V curve with different metallisation 
models. Ti-graphite model was scaled by 1:3. (b) Contact resistance per square nanometer at the metal-graphite interface using 
different metals. Reproduced from Matsuda et al. 161 with permission.  
It should be noted here that none of the studies reports the resistance values of the CNTs as the 
main source of an increase in the resistance. It is one of the parameters, however not the main priority. 
In other words, the resistivity of the metal and the CNTs are not the primary concern, the interface where 
most of the scattering occurs is the limiting factor for reducing the resistance of the overall architecture. 
Forming a good contact at the interface will have a much bigger effect on the overall resistance of the 
structure than using highly-conductive metallic CNTs. This is critical in probing applications; for instance, 
as long as good contacts are made by using suitable metals some electrical conductivity could be sacrificed 
to gain more in mechanical properties such as longer tubes, adjusting the diameter for structural 
purposes, etc.   
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Having discussed how to establish good electrical contacts using CNT-metal hybrid structures, 
CNTs mechanical properties should be understood clearly to design and manufacture CNT-based, high-
performance electromechanical systems.  
2.5 Mechanical Properties of Nanotubes 
 
A series of moduli such as Young’s modulus or bulk modulus is used to characterise the response 
of a material when subjected to a stress that changes its shape/volume from its equilibrium condition and 
explained with the classical theory of elasticity.162 The Young’s modulus, which defines the reaction of a 
system when strained along a particular axis, is volume dependent.163 For this reason, at the nanoscale, 
calculating the Young’s modulus becomes problematic, as in the case for SWCNTs for example, where it 
is not easy to define the “mechanical” thickness of a shell which is only one atom thick. In order to 
overcome this difficulty, an arbitrary thickness was assigned to the wall of SWCNTs, (e.g. interlayer spacing 
between graphite ca. 0.34nm),164 however this is still not universally accepted.  
Theoretical calculations combined with experimental studies showed that CNTs possess excellent 
mechanical properties. Lu et al. 165 demonstrated in 1997 that Young’s moduli of both single and multiwall 
nanotubes are comparable to that of diamond (~ 1TPa) and the elastic properties are insensitive to the 
radius, helicity and the number of walls (explained in the next page). It is concluded that: 
(1) The elastic moduli vary very little with the number of walls. 
(2) The internal van der Waals interactions do not affect the elastic moduli of multiwall nanotubes. 
(3) There is a large anisotropy in elastic properties of both single wall and multi-wall nanotubes (soft on 
basal plane and stiff along the axial direction).  
Similarly, Salvetat et al. 166 reported that the Young’s modulus of CNTs is at least as high as graphite 
(~ 1TPa), and argued that, for MWCNTs, it was dependent on the degree of order within the tube walls 
but not the number of walls. Moreover, arc-grown MWCNTs had a modulus one order of magnitude 
higher than when compared to MWCNTs grown by catalytic methods. More studies revealed similar 
results. 4,5,167 
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Figure 2-13. An isolated MWCNT attached to two AFM tips. (a) An SEM image of the general setup. (b) a close up with the tube 
visible under tension. (c) and (d) show details of the details of nanotube attachments to upper and lower AFM tips. After 19 
successful experiments, they observed that the tubes broke in the sword-in-sheath mechanism. Inner shells remained unaffected 
and pulled out like a sword being pulled from its sheath, once the outer tube reached failure. Reproduced from Yu et al.4 with 
permission.   
Yu et al. 4 attached an individual nanotube to two AFM tips and pulled the tips apart until failure 
(Figure 2-13a-d). 19 successful experiments were performed, and in all of them the tubes were observed 
to break in the “sword-in-sheath” mechanism. It was shown that the failure was restricted to the outer 
shell that was attached to the AFM tip. Inner shells remained unaffected and simply pulled out as if a 
sword being pulled from its sheath, once the outer tube reached failure. This explains why the Young’s 
modulus is independent of the number of walls. Young’s moduli were calculated from stress-strain curves 
and varied between 270 to 950 GPa. The breaking strain ranked from 3 to 12 % and the tensile strength 
from 11 to 63 GPa. SWCNTs were tested by the same group5, with the same setup, and a similar failure 
mechanism was observed, with tensile strength values of up to 30 GPa and breaking strains up to 5.3 % 
(average of 3.1% based on 15 successful experiments). The variations in each study were correlated to the 
number of structural defects present within the outer shells of the nanotubes, but defects were not 
quantified, pointing out the complications of detecting the effects of defects and strains on the strength, 
both theoretically and experimentally.  
In summary, the theoretically-calculated extraordinary mechanical properties of nanotubes were 
able to be observed in experimental studies, with small deviations from the theoretical values due to the 
presence of defects within the nanotube structures. However, it should be pointed out here, the structural 
defects directly affect the strength; moreover, the properties are highly-directionally dependent. Less 
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defective, vertically-aligned CNTs will be proven to be mechanically advantageous when 
electromechanical probing and strain sensing applications are considered.  
At the micron scale, CNTs are mostly used as reinforcement in nanocomposite materials and their 
mechanical behaviours are extensively investigated as composite materials. 7,168–173 For instance, Ahmad 
et al.172,173 previously showed that CNTs could enhance the toughness and other properties of brittle 
ceramics such as Al2O3.  In micro-probing applications, vertically-aligned CNTs are required. Fabricating 
CNT probes that are stand-alone, a couple of mm in length, without reinforcement matrix materials, is 
still a challenging process. Yaglioglu et al. 8 fabricated CNT columns and sputtered them with 4 µm thick 
Au to make hybrid columns for possible probing applications. They investigated the electromechanical 
behaviour of these hybrid structures and their failure mechanisms under compression (Figure 2-14). They 
reported resistance values of approximately 10 Ω for a 200 µm x 200 µm x 700 µm CNT-only, as-deposited 
column structure. For most probing applications, resistance values in the low milliohm range are desired. 
After forming gold contacts by sputtering, the resistance decreased to approximately 1.5 Ω, coupled with 
compressive forces above 25 gram-force. Failure mechanisms were observed both at the tip and at the 
bottom of the circular pillar structures (Figure 2-14b), showing more damage compared to the rectangular 
probes (Figure 2-14 (c-d)). The probes mechanically failed due to lack of compliance. Compliance can 
simply be described as the elastic tolerance range over which the contact can be deformed without 
mechanical damage or contact resistance variation.174 Here decreasing the metallisation layer thickness 
whilst using metals with better wetting properties and increasing the CNT quality could improve the 
overall electromechanical performance of CNT-based hybrid micro-probes, this is discussed in length in 
Chapter 5.  
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Figure 2-14. Failure mechanisms observed during the deformation of composite CNT-Au probes. (a) A circular Au sputtered probe 
before deformation (b) After deformation showing failure at the top and bottom. (c) a square column is shown after the 
deformation; here top failure mechanism is similar however the bottom section showed less plastic deformation. (d) Close up of 
(c) at the bottom showing the plastic deformation. The heights of these columns are approximately 500 µm. (e) Electromechanical 
performance of a 200 µm x 200 µm metal-CNT column under cyclic load. Obtained from Yaglioglu et al. 8 with permission.  
 
Yunus et al. 12 also investigated the electromechanical behaviour of Au-metallised 30 µm tall 
MWCNT forests ( without patterning) under low contact forces (< 1mN) and compared the experimental 
findings with analytical calculations. An Au-Au contact pair were compared with Au-MWCNT and Au-
Au/MWCNT. A set of 10 cyclic 0.8 mN contact loads were applied. Au-Au contact pair showed resistance 
values around 0.41 Ω, whereas the Au-MWCNT pair showed resistance values over 100 Ω; after 
metallising, the nanotube forests (Au-Au/MWCNT pair) resistance values dropped back to 0.46 Ω. The Au-
Au/MWCNT pair exhibited a displacement of 2800 nm and residual plastic deformation of approximately 
1300 nm. Au-MWCNT experienced a larger displacement (above 3800 nm) but similar plastic deformation, 
suggesting that the plastic deformation mechanism is mainly dominated by the CNT layer. As expected, 
the Au-Au contact had a much smaller displacement (~ 70nm). Additionally, the resistance value of Au-Au 
was not that different from that of Au-Au/MWCNT and was lower than analytical calculations; this result 
was attributed to the possibility of contamination of Au at the surface, and experimentally not being able 
to establish a good contact at the interface.  
The summary of the key observations related to this section are: 
- Elastic moduli of CNTs are independent of the number of walls but dependent on the number of 
defects.  
- Metallisation of the CNT lowers the contact resistance at the interface.  
(e) 
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- Although increasing the number of CNTs per area will increase the number of charge-carrying 
channels per area, resulting in a reduction in the contact resistance, increasing the number of 
CNTs/area does not always result in lower contact resistance. There are studies that reported 
lower individual CNT resistance with less densely-packed CNT arrays due to better wetting of the 
metallisation layer process and also using less defective CNTs.  
- Highly vertically-aligned, good quality (less structural defects) CNTs are required to achieve good 
mechanical properties to obtain 100,000 cycle/life-time goals for both probing and strain sensing 
applications.  
2.6 CNT-polymer Composite Films as Stretchable, Skin-mountable and Wearable Strain 
Sensors  
 
We have experimentally observed that the electromechanical properties of CNTs made them 
feasible for high strain applications such as stretchable, skin-mountable mechanical sensors. Therefore, 
this thesis also investigates the applications of CNT-elastomer based, highly stretchable films as strain 
sensors for human motion monitoring applications. The results are discussed in Chapter 6 in detail. This 
section introduces a short summary of the recent advancements in the development of highly flexible and 
stretchable strain sensors and their applications in personalised, real-time health monitoring and as 
human-machine interface and electronic skin. The performance design parameters stretchable strain 
sensors have already been discussed previously in section 1.4.  
2.6.1 Introduction 
 
In recent years, there has been a growing demand for stretchable and soft electronic devices175,176 
for applications such as wearable health-monitoring devices17,177 and artificial skin.18,21 Stretchable strain 
sensors operate on the basis that the mechanical deformation is quantified through a corresponding 
change in the electrical response (capacitance or resistance), are used to detect human motion. However, 
applications such as pulse monitoring or respiration can demand high sensitivity or gauge factors (GF), as 
well as high stretchability for more sizeable human motion detection applications such as the bending of 
fingers, arms or legs, where mechanical strains up to 55% are generated due to the movement of joints.21 
Current metal and semiconductor-based strain sensors have limited sensitivity (GF < 2) and stretchability 
(ε < 5%) due to the brittleness of the sensing materials.26 Continual epidermal electronics applications 
require a combination of good stretchability (ε >50 %) with a high sensing ability or GF (GF > 100), 
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combined with high durability and with good electromechanical compliance for long-term usage. 
Nanoscale materials have been used extensively as building blocks within elastomer matrices to fabricate 
inventive strain sensors with enhanced performance. Recently, highly-sensitive graphene-based strain 
sensors have been reported 178–180, but these sensors displayed low stretchability due to the brittleness of 
the graphene sheets. Yan et al.181 reported stretchability of up to 100 % (double in length) from a 
graphene-nanocellulose nanopaper, however, the GF was 7.1 and the authors did not comment on the 
elastic recovery of the stretched films and/or durability concerns. Similarly, nanoparticles182 and 
nanowire-elastomer hybrid structures 33,183 have been studied as sensitive strain sensors, yet they showed 
poor adhesion184,185 to the flexible substrates and the stretchability with good electrical characteristics has 
been proven to be difficult to achieve.185  
2.6.2 Stretchable Strain Sensors 
 
As discussed in section 1.4, the most common types of stretchable sensors are based on resistive-
type and capacitive-type sensors, therefore, this section will focus on these two types of sensors.  
One important sensor architecture parameter is the choice of substrate materials and fabrication 
methods which can directly affect the sensitivity and stretchability of the sensors. Ideally, the fabrication 
of the strain sensors should be cost-effective and scalable to aim for mass and inexpensive production. 
Low dimensional carbon-based nanomaterials24,28,29,34,179,181,186,187 (such as CBs, CNTs and graphene), 
nanowires22,27,32,33,188 and nanoparticles176,182 have been the choice of electrically conductive, filling 
materials. Silicon-based elastomers such as PDMS, Ecoflex and Dragon Skin and rubbers (both natural and 
thermoplastic elastomers) are the most widely used  polymers which provide the flexibility to the 
devices.24,29,33,34,189–191 
Different fabrication methods have been used to produce stretchable strain sensors such as: 
printing191,192, lift-off and transfer23,193, filtration22,181, coatings such as doctor blading28,29, liquid phase 
mixing23–25,194 and chemical synthesis.187,193,195   
Figure 2-15 exhibits examples of these fabrication methods discussed. For example, Xu et al.196 
coated a donor substrate with an AgNW conducting network thin film before transferring them to a PDMS 
matrix by the filtration method (Figure 2-15a). Different AgNW filler network densities in PDMS matrix 
were then tested for strain sensing response. A similar fabrication method is used here to form robust 
nanocomposite films.22 Hempel et al.180 spray-coated graphene flakes on to polyethylene terephthalate 
(PET) substrates (Figure 2-15b). The advantage of this method is controlling properties such as 
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transparency or electrical conductivity by changing the thickness of the sensing thin film.17 The transfer of 
CCVD-grown sensing materials such as graphene and CNTs is another fabrication method. The grown thin 
films are transferred on to stretchable elastomer substrates via different methods (Figure 2-15c).179,193 For 
instance, VA-CNTs grown on Si substrate are transferred onto an Ecoflex substrate and tested for human 
motion-induced strain sensing abilities. Printing the sensing materials on to flexible substrates has also 
been demonstrated by directly depositing the viscous nanomaterial ink through a nozzle on to stretchable, 
soft elastomers. However, this method usually requires encapsulation of the printed pattern as the 
sensing layer is exposed, limiting the lifetime of the sensors. Muth et al.192 demonstrated a 3D printing 
method by embedding the ink in the elastomer film (Figure 2-15d) which is then capped by a filler liquid 
to overcome this problem. Figure 2-15e demonstrates the solution mixing route for the fabrication of 
nanocomposite strain sensors. In this method, nanomaterial filler materials and liquid-phase polymers are 
mixed to form nanocomposite structures. Kong et al.23 showed that CB-PDMS nanocomposite films could 
be employed as stretchable strain sensors. However, with this method, only a randomly-oriented 
nanomaterial sensing network can be achieved, which can limit the overall performance of the sensors. 
Finally, the filtration method is also used to form a percolating nanomaterial network (CNTs197 or AgNW33) 
before transferring them on to PDMS substrates to produce stretchable strain sensors. Similar to the 
mixing method, nanomaterials alignment is difficult during filtering and adhesion of the nanomaterial 
network to the elastomer substrate after the transfer is proven to be a concern.19  
In summary, there are many different methods and materials to fabricate flexible strain sensor 
devices. For realistic, skin-mountable strain sensors that could continuously monitor physiological health 
parameters, the methods employed should be combined with suitable conducting nanomaterial-
elastomer combinations to achieve high stretchability as well as high sensitivity.  
It is important to understand the sensing mechanism in order to tune the sensitivity to the desired 
degree, depending on the application, without loss of stretchability. The next section will explain the 
strain-responsive mechanisms observed in stretchable strain sensors.  
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Figure 2-15. Various fabrication methods of stretchable strain sensors. a) Filtration method; transferring thin films from a donor 
substrate to a polymer-targeted substrate by penetration of the liquid polymers. Reproduced from196 with permission. Coating 
technique; coating of material solutions on the top of flexible polymers to form nanomaterial thin films-polymer composites; inset: 
air-spray coated graphene thin film on the PET substrate. Reproduced from Hempel et al.180 with permission. Transferring process; 
transmitting thin films from one substrate to another substrate by using an intermediate substrate. Adapted from Bae et al.179 
with permission. Printing approach; printing nanomaterial inks onto flexible polymer substrates by deposition nuzzles.192 Solution 
mixing; fabrication of nanomaterial fillers-polymers nanocomposites. Reproduced from Kong et al.23 with permission.   
 
2.6.3 Strain-Responsive Mechanism 
 
The type of materials used, the fabrication process and the micro/nanostructure determine the 
response of a strain sensor subjected to strain. A traditional strain gauge’s electrical response is based on 
geometrical effects and piezoresistivity of the materials used. The stretchable strain sensors’ strain-
resistance response, however, could be based on mechanisms such as disconnection between sensing 
material network and crack propagation in thin films.  
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2.6.3.1 Geometrical Effects 
 
When subjected to tensile strains, materials tend to contract in the transverse direction of 
stretching, as described by Poisson’s ratio (ν). For a conductor, the resistance is calculated by 𝑅 =
𝜌𝐿
𝐴⁄ , 
where 𝜌 is the electrical resistivity, 𝐿 is the length and 𝐴 is the cross-sectional area of the conductor. When 
stretched, the resistance of the conductor increases due to the increase in length and the reduction in the 
cross-sectional area. The working mechanisms of commercial, metal-based piezoresistive and 
piezocapacitive type strain gauges are based on these dimensional changes.17 When stretched, capacitive-
type sensors undergo a change in the capacitive area and a reduction in the thickness of the dielectric 
layer, which results in an increase in the capacitance.33,197 Capacitance of a capacitor is given by:  
 
 𝐶𝑜 = 𝜀0𝜀𝑟
𝐼0𝑤0
𝑑0
 (2-9) 
 
𝐼0 is the initial length of the parallel, conducting plates, 𝑤0 is the width and 𝑑0 is the thickness of the 
dielectric layer. 𝜀0 and 𝜀𝑟  are the dielectric constant of the vacuum and relative permittivity of the 
dielectric. When a certain strain, ε, is applied, the length of the capacitor increases to (1 + 𝜀)𝐼0 whilst the 
thickness and the width of the dielectric layer decrease to (1 − 𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)𝑤0 and (1 − 𝑣𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)𝑑0 
where 𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 and 𝑣𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 denote the Poisson’s ratio of the electrodes and the dielectric layer, 
respectively. If we assume that both the stretchable electrodes and the dielectric layer of a stretchable 
sensor have the same Poisson’s ratio, the capacitance of the stretched sensor can be calculated as:  
 
 
𝐶 = 𝜀0𝜀𝑟
(1 + 𝜀)𝐼0(1 − 𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)𝑤0
(1 − 𝑣𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)𝑑0
= 𝜀0𝜀𝑟
(1 + 𝜀)𝐼0𝑤0
𝑑0
= (1 + 𝜀)𝐶0 
 
(2-10) 
This equation suggests that the relationship between the capacitance of a stretchable capacitive-type 
strain sensor and the applied strain is linear. This is why, in general, capacitive sensors show good linearity 
compared to resistive-type sensors.22,31,197 However, this linearity is limited to a certain amount of applied 
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strain. Under very large strains, the linear relationship between different axes due to the Poisson’s ratio 
not being valid anymore for the employed polymer.  
2.6.3.2 Piezoresistive effect  
 
Under mechanical deformation, the resistance of a material can change, this is called 
piezoresistivity and can be written as Δ𝑅 𝑅0⁄ = (1 + 2𝑣)𝜀 + Δ𝜌 𝜌⁄ . The former includes the geometrical 
effect whereas the latter expresses the piezoresistivity of a material. For most metals, the geometric effect 
could be between 1-2; a change in the resistivity is very small. However, for a semiconductor, in certain 
directions, the applied strain could alter the carrier density and mobility and it could be 50-100 times 
larger than the geometrical effect.198 Additionally, nanomaterials such as individual CNT194,199 and 
ZnO200,201 nanowires showed high piezoresistivity because of the effects of chirality and change in the 
barrier height, respectively. Therefore, highly stretchable, piezoresistive-type strain sensors could be 
realised using semiconducting or nanoscale materials.  However, skin-mountable and wearable sensors 
demand stretchabilities (ε> 50%) beyond the limit of traditional strain gauges, made of metals and 
semiconductors (ε< 5%). Furthermore, the lack of uniform electromechanical properties, as well as the 
difficulties of fabricating devices based on a single nanotube or nanowire, have prevented the 
comprehensive improvement of highly stretchable strain sensors. To overcome these drawbacks, 
different approaches have been explored to achieve highly sensitive but also stretchable strain sensors 
through forming composite structures, using various functional nanomaterials and polymers. 
Nevertheless, it is generally observed that the contribution of the piezoresistive effect is considerably less 
to the overall resistance-applied strain behaviour of stretchable nanomaterial-polymer systems because 
of the large elastic mismatch and the lack of strong interfacial binding between the nanomaterial and the 
polymer. 17,22,194,199–202  
2.6.3.3 Disconnection mechanism 
 
Conductive networks made up of conducting nanomaterials can pass electrons through 
overlapped percolating networks. Upon stretching of the conducting film, the overlapping areas widen 
and lose their electrical connection, consequently increasing the electrical resistance. At the micron level, 
this happens because of the slippage of the nanomaterials due to weak interfacial binding and large 
rigidity imbalance between the nanomaterial and the polymer. There have been many studies of highly 
sensitive, stretchable strain sensors based on nanomaterial network disconnection mechanism. For 
instance, in an AgNW-PDMS nanocomposite system: AgNWs have Young’s modulus of 81-176 GPa and 
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they are embedded in a much softer PDMS matrix (which has Young’s modulus of 0.5-3.4 MPa).17,26 
Subjected to dynamic cyclic deformation, the AgNW fillers slide inside the PDMS matrix due to much larger 
elongation of the PDMS. Sliding of the AgNWs leads to disconnections of some of the NW-NW junctions 
increasing the electrical resistance of the film.22 A similar mechanism (see Figure 2-16) based on 
overlapping of CNTs on Ecoflex substrate is reported by Lee et al.193 Compared to NWs, CNTs have shown 
better interfacial bonding due to better elastic properties of CNTs under large strains. This is critical to 
eliminate any electrical hysteresis, as discussed in the performance criteria in section 1.4. Similarly, the 
piezoresistivity of ZnONW thin films coated on PDMS substrates also revealed a comparable disconnection 
mechanism.27 Finally, another grade of strain sensors is reported based on graphene flakes on flexible 
substrates. 180,181 When the composite films are stretched, the graphene flakes slide parallel to the 
elongation direction resulting in a decrease in the overlapping area between connected flakes, leading to 
an increase in the film resistance.180,181  
 
Figure 2-16. The described sensing mechanism of the strain sensor. a) Schematics of the CNTs embedded in the polymer. b) Optical 
images of CNTs under different strains during the stretch and release cycle (scale bar: 1 mm). Adapted from Lee et al.193 with 
permission. 
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Stretchable sensors based on the disconnection of a conducting nanomaterial filler network can 
provide good sensitivity combined with high stretchability. Moreover, they can be fabricated through 
different methods and tuned by controlling the sensing material density, length, and orientation. There 
are very few studies investigating the effects of the sensing material alignment on the sensitivity and 
stretchability of skin-mountable, wearable strain sensors. This is discussed in detail in Chapter 6.  
2.6.3.4 Micro-crack generation and propagation 
 
Another strategy to improve the sensitivity of the stretchable sensors is the micro-crack initiation 
and propagation in the thin films deposited on to the stretchable polymer films. These micro-cracks could 
be introduced on purpose upon stretching28 or through different fabrication methods such as laser 
etching203, acid treatments29 or sintering.204 Examples of micro-cracks generated in thin films of CNTs, 
silver nanoparticle networks, graphene and AuNWs have been reported. 21,22,28,29,186,205 This mechanism is 
based on the stretching of the composite film, which then leads to the initiation and widening of micro-
cracks in conducting thin films, drastically limiting the electron conduction pathways due to the isolation 
of many micro-crack edges.28,29 This is combined with the electrical resistance increase of the thin film by 
the applied strain. This mechanism is widely used for highly sensitive and flexible strain sensors. Figure 
2-17a and b show the micro-crack opening in the AgNP205 and CNT21 thin films upon stretching decreasing 
the number of possible electron conduction pathways. Figure 2-17c illustrates the in-situ evaluation of 
the microstructure morphology of a graphene thin film on a PDMS substrate with increasing strain. It is 
observed that the density, width, and size of the micro-cracks increased with increasing applied strain, 
however, the film recovers once the strain is removed and the film is returned to its initial state. 
Furthermore, edges of the micro-cracks were restored upon release of the applied strain, achieving almost 
full recovery of the conduction paths.187 No mechanical strength data were reported for these sensors, it 
is possible that these microcracks could limit the stretchability of the sensors and result in abrupt 
snapping, or fewer number of life-cycles per sensor in long-term use due to crack propagation similar to 
fatigue failure. Moreover, an extra step is required to introduce the micro-cracks, usually with minimum 
control over the length and width of the cracks which means less control over the sensitivity and the 
linearity of the response as well as the mechanical properties.  
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Figure 2-17. Microcrack generation in conducting thin films to moderate electron conduction on flexible, stretchable substrates. 
a) Microcrack opening induced in the AgNP thin film on the PDMS substrate by the applied strain. Reproduced from Lee et el.205 
with permission. b) Gap widening with suspended CNTs across it by the straining of the PDMS substrate. Adapted from Yamada 
et al.21 with permission. (c) Microcrack formation and propagation on the graphene film coated on the top of a PDMS layer under 
applied strains, and microcrack recovery upon releasing of the film. Reproduced from Lee et al.187 with permission.  
In conclusion, the sensing mechanism of stretchable strain sensors based on nanomaterial-
elastomer architecture mostly depend on the interruption of the electrical connection network of the 
nanomaterial. This could be achieved by introducing microcracks or by connection-disconnections in the 
conduction pathway upon stretching, unlike the traditional strain gauges which rely more on the 
geometrical and piezoresistive effects. Both disconnection and microcrack introduction mechanisms can 
provide high GF values >1000 with good stretchability (ε> 50) depending on the materials used. If CNTs 
and graphene are regarded as elastic nanomaterials (compared to NWs or NPs), the CNT or graphene-
elastomer nanocomposites are composed of many CNTs and graphene flakes oriented in complex 
networks inside the elastomer matrix. Therefore, it could be beneficial to use elastic nanomaterials to 
design strain sensors that work on the basis of the connection-disconnection mechanism. Moreover, by 
changing the nanomaterial length, alignment and density, it will be possible to tune the sensor based on 
the application.  
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2.6.4 Applications 
 
There are many potential applications for stretchable strain sensors. For instance, highly sensitive 
low-strain sensors can be used for continuous health monitoring which is far more preferable compared 
to conventional health monitoring, in which fragments of the physiological condition of the body are 
observed.19 On the other hand, highly-stretchable and sensitive strain sensors could be implemented as 
body-integrated, soft electronic devices.193,206 These devices can be directly fixed on to the clothing or 
noninvasively attached on to the human skin for the measurements of the subtle skin motions such as 
induced by respiration and heartbeat to large movements, such as bending/moving of body joints. 
Additionally, flexible, soft sensors could be beneficial for soft robotics sensing and actuation.19 
The following sections will focus mainly on the human-focused applications of these types of sensors.  
2.6.4.1 Biomedical Applications  
 
The increasing world population combined with the limited human and equipment resources 
pushes the health-care industry to explore the possibility of designing remote, continuous and 
personalised health-monitoring systems. Figure 2-18 displays a broad overview of what can be demanded 
from a wearable strain sensor, from body motions to heart rate or disease diagnoses/monitoring such as 
diabetes. The combination of independent readings from individual destinations can allow building a 
physiological profile of a person, allowing to detect anomalies in the body and interaction of the person 
with the environment. However, the ultimate goal should be detection and monitoring most of these 
parameters noninvasively, if possible, with a universal sensor. Current rigid technologies in the biomedical 
industry hinder the form factor and the performance of the wearable devices. Soft electronics based on 
elastic nanomaterials could allow the seamless integration of wearable devices into health diagnosis and 
monitoring applications.  
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Figure 2-18. A wearable physical sensor on a specific area of a human body to monitor various physiological parameters such as: 
pulse/heart rate, body temperature, body motion, tactile sensing/hepatic perception, etc. Adapted from Gao et al.19 with 
permission.  
 
Figure 2-19 shows examples of carbon-based highly stretchable and flexible sensors for 
biomedical applications. Kim et al.207 demonstrated a conductive and stretchable pad based on gecko-
inspired hierarchical structures which consisted of micro-pillars and PDMS, shown in Figure 2-19a. The 
pad provided strong adhesion to various surfaces including the human skin (Figure 2-19b) with good 
flexibility and stretchability (Figure 2-19c). To enhance the electrical percolation network and to maximise 
the conductivity in the elastomer matrix, a 1D/2D hybrid carbon filler layer with ~1 wt % (with a mixing 
ratio of 9:1, CNT: Graphene) is introduced. The surface of the film also had superhydrophobicity which 
meant that it had self-cleaning capabilities. This conductive composite patch is then utilised as 
electrocardiodiagram (ECG) electrodes to monitor a subject’s heart rhythm at different environmental 
conditions such as ambient, underwater and various movement states. Figure 2-19d and e show that the 
ECG signals are similar to those obtained via commercial ECG electro systems.207 Furthermore, the patch 
is able to identify distinctly separated P, QRS and T curves, which are used to provide medical information 
about cardiovascular problems.208 Lee et al.209 fabricated CNT/PDMS composite sensors and investigated 
the mixing ratio of CNT and PDMS as well as the effect of the sensing device’s diameter and the thickness 
of the sensing device on the sensitivity and intensity of the ECG signals measured. Increasing the diameter 
of the electrode from 1 mm to 4 mm improved the quality of the ECG signal, regardless of the CNT wt%. 
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Similarly, increasing the CNT wt% provided a stronger signal, however, increasing the thickness of the 
CNT/PDMS electrode had a smaller effect on the detected signal. These composite electrodes were then 
tested continuously for seven days for ECG monitoring and showed no signal degradation. However, long-
term biocompatibility and the side effects of a CNT/PDMS film being in contact with the skin should be 
taken into consideration when integrating these types of flexible sensors into mobile health care 
technologies. 
 
Figure 2-19. Examples of carbon composite based stretchable and flexible strain sensing, wearable devices for biomedical 
applications. (a-e) flexible and stretchable dry electrodes based on CNT-graphene nanocomposites.207 (a) A schematic illustration 
of the gecko-inspired hierarchical structure of the conductive dry adhesive and its applications to electrocardiogram (ECG) 
electrodes. (b) An image of the conductive adhesive layer demonstrating the high adhesion via carrying a 1 kg of weight. (c) Images 
of the conductive dry adhesives with high stretchability and flexibility. (d) ECG signals collected under different conditions (red box 
inset: magnified view of the measured ECG wave, with the P, QRS, and T waves identified.) (e) ECG signal under different 
movement states. Reproduced from Kim et al.207 with permission.  
Even though currently flexible electronics can only be implemented into small parts of the health 
monitoring systems, there have been studies to propose a more comprehensive, personalised and remote 
health monitoring system using wearable strain sensors.210 These sensors gather physiological and 
environmental data from the human subject, the data is real-time and can be collected effortlessly 
without interfering with daily life. Monitored data could be blood pressure and oxygen levels, respiratory 
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and heart rate, body temperature, motion and beyond as displayed in Figure 2-18. The measured data 
from the wearable sensors then can be transmitted to a mobile phone or a database wirelessly through 
an internet connection to a medical centre/professional. In the case of an emergency, an alarm message 
can be sent to medical services for immediate attention. Overall, this system can allow the monitoring of 
patients’ physiological parameters remotely and continuously with minimum strain on the resources.17  
In summary, amongst wearable sensors, stretchable and flexible strain sensors can conceivably 
be integrated into many biomedical applications. Such sensors should be highly stretchable and flexible 
to accommodate multidirectional and dynamic mechanical deformations induced by human motion 
(joints, skin, or clothing) as well as have high sensitivity to be able to detect subtle skin deformations 
induced by blood flow pulse or respiration.  
2.6.4.2 Wearable Fitness Monitoring  
 
Wearable and skin-mountable strain sensors can be employed to monitor sports performance or 
fitness conditions by fitting them on to different parts of a human body. The high flexibility and soft nature 
of these types of strain sensors could allow measuring different sports-related parameters and motions 
without restraining the movements of the subjects. Lee et al.211a demonstrated this by aligning CNF fibres 
in different directions via electrospinning, then cross-piling and embedding them in PDMS to increase the 
multidirectional sensitivity of the strain sensors whilst retaining the flexibility. Figure 2-20 shows different 
applications of these sensors. Firstly, the sensors were tested to detect different movements of the neck 
(Figure 2-20a) and wrist (Figure 2-20 b) of a subject and were shown to distinguish between different 
degrees of motions on different axis due to the cross-piling and the highly aligned structure. The strain 
sensors were attached to a golf glove worn by the human subject and the sensor responses were 
compared, based on the type of swing of the body, the intensity of the grip on the golf club as well as the 
angle of the club hitting the ball (Figure 2-20c-f). The sensors, in this case, were able to identify a weak 
grip compared to a stronger grip by comparing the electrical signal form and intensity triggered by the 
direction of the strain.  The ability to sense mechanical deformation multi-directionally, combined with 
good accuracy, these sensors could open new potentials for more advanced applications of flexible strain 
sensors such as evaluation of athletes’ sports performances, correction of movements, or physiotherapy 
applications.205,211,212  
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Figure 2-20.Applications of anisotropic CNF/PDMS cross-plied multidirectional strain sensors. (a-b) Detection of multi-degrees-of-
freedom neck and wrist motions using the sensors. (c-f) A golf swing analyser using wearable via multidirectional sensing. (c) A 
visualisation of the relationship between different golf club handle grip and taken during addressing and resulting golf ball 
trajectories. (d-f) The sensor responses from the weak grip, neutral grip, and strong grip, which, respectively, cause the golf ball 
to fly sliced, straight, and hooked. Reproduced from Lee et al.211 with permission.   
 
2.6.4.3 Human-Machine Interface and Soft Robotics 
 
Wearable soft sensory systems are also promising candidates to improve the technology in 
human-machine interface applications. Additionally, the signals from wearable strain sensors can be 
utilised to actuate smart robots. For example, numerous smart gloves have been developed using flexible 
and wearable soft strain sensors.17,181,188,213  
Figure 2-21a shows a smart glove with graphene/nanocellulose strain sensors mounted along the 
finger joints.181 When a finger is bent, the bending strains the flexible sensor causing a change in the 
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electrical signal. Once the finger is moved back to its original place, the sensor is unstrained; hence the 
electrical signal recovers back to its initial state. A similar glove has been produced by using CNT/Ecoflex 
elastomers here.213 In this case, electrical signals are generated by the strain sensors on the five fingers of 
a subject in response to different sign languages. Due to the difference in the degree of strain applied to 
the sensors, the corresponding signs are able to be identified from the electrical signal (Figure 2-21b). A 
smart glove equipped with flexible and wearable strain sensors can also be utilised to control a gripper 
robot hand remotely based on the electrical response of the sensors (see Figure 2-21c) and wirelessly 
transferring the signal from the glove to the robot hand.188 These types of applications could be useful to 
perform surgical procedures remotely and/or to carry out difficult and delicate tasks in which it is risky to 
involve actual humans. Additionally, smart glove systems based on wearable strain sensors are 
advantageous compared to conventional optical fibres or metal gauge sensors because of the higher strain 
sensing capabilities, fabrication cost, and simpler working mechanisms.19 Furthermore, integration of 
stretchable strain sensors into soft-bodied robots in order to provide input to the feedback controls along 
with sensory artificial skins can enable soft robots to sense and interact with the surrounding objects and 
adapt to the environment.30 An example of a sensory array of strain sensors is displayed in Figure 2-21d 
which can act as electronic skin for robots to develop haptic perception by surface strain distribution 
mapping.17 Figure 2-21d demonstrates a stretchable artificial skin made of 8 × 8 arrays (64 pixels) of strain 
sensors based on controlled micro-crack induced, 20 nm-thick Pt film on polyurethane acrylate (PUA). This 
artificial skin is able to detect and provide a sensing map of both static (a piece of PDMS dropped on the 
sensory array) and dynamic applied pressures (a flapping ladybird placed on the sensory array) 
respectively (Figure 2-21e). Given that the conduction modulating micro-cracks are induced by simply 
bending the sensor and ability to easily mount the sensors on to the skin, combined with high sensitivity 
that is also capable of providing a sensing map, sets a good example of how strain sensors can simplify 
human-machine interface or the development of soft robotics.  
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Figure 2-21. Human-machine interface applications of stretchable and mountable strain sensors. (a) The electrical signal response 
of a smart glove. Five strain sensors are mounted along the finger joints and the signal is collected whilst the fingers are bent and 
straightened. Reproduced from Yan et al.181 with permission. (b) Another example of a smart glove platform and the electrical 
signal response of performed sign languages. Adapted from Li et al.213 with permission. (c) A gripper robot hand-controlled 
remotely using a smart glove flexible with strain sensors. Reproduced from Gong et al.188 with permission. (d) An 8 x 8 array of 
artificial electronic skin. (e) Pressure response of the artificial skin to a piece of PDMS and a flapping ladybird placed on the sensing 
matrix. Reproduced from Kang et al.30 with permission.  
 
2.6.5 Current Challenges   
 
As discussed above, the muscle/joint motions that the human body generate are generally multi-
directional and can be up to 55 % mechanical strains. Skin-mountable strain sensors that could 
continuously monitor physiological health parameters they are expected to be soft and have high 
stretchability (to accommodate large-scale human motions) but also high sensitivity (to be able to 
measure small-scale, subtle motion-induced mechanical strains such as pulse monitoring or respiration) 
with good mechanical durability, recovery, response times as well as other performance properties. 
Similarly, electronic skin and human-machine interface technologies demand strain sensors with high 
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stretchability/compressibility (ε > 50%), high sensitivity (or gauge factor (GF > 100) and long-lasting 
electromechanical compliance. The challenge is combining all of these into one universal strain sensor. 
One of the biggest challenges is designing and fabricating stretchable strain sensor systems that are 
capable of measuring decoupled strains in multi-directions and multiplane mechanical deformations for 
large sensory array operations.  
Another serious challenge is the sensor packaging, which includes data management and transfer, 
power, signal processing, and conditioning.  Most studies have made efforts to improve the sensitivity 
and stretchability, whilst measuring the sensor response by conventional data acquisition systems 
through mostly rigid wiring of stretchable sensors. Some efforts have been made for using stretchable 
electrodes with buckled structures (as discussed in section 2.6.4.1) and the use of liquid metals.214 
Moreover, commercially available rigid electronic circuits are used for custom made data management 
systems to provide mobile platforms that can be assembled into flexible sensing structures.22  However, 
the large (cm-scale) size of the boards coupled with the rigidity makes combining them with soft sensors 
complicated. One approach here could be integrating flexible energy storage and data transfer 
components directly into the soft sensors. However, the fabrication of all the sensors, power units, and 
communication modules into a single, highly stretchable yet still compact and skin-mountable device with 
high electromechanical stability and mechanical robustness has yet to be achieved.  
Biocompatibility and conformal integration of the strain sensors on to the human body is another 
demand that needs to be taken into consideration. Insufficient adhesion between the sensor and the skin 
could lead to sliding or detachment of the sensor, resulting in noise in the electrical signal or miscalculating 
the actual strain. To bypass this issue, the sensors can be mounted on to an interlayer of the adhesive 
medium before attaching them on to the skin, whilst ensuring that the mechanical compliance of the 
sensor and the adhesive layer resemble an actual skin. For instance, soft biocompatible elastomers such 
as Ecoflex or PDMS can have Young’s modulus of 125-200 kPa which is close to the Young’s modulus of 
the actual human skin (25-220 kPa)17,19 to achieve a compatible stiffness between the skin and the sensors.  
2.7 Conclusion 
 
In this chapter, the types of the CNTs, the structure and the electron transfer physics of SWCNTs 
and MWCNTs are discussed. The quantised conduction model of CNTs is analysed based on the literature 
published and concluded that MWCNTs can act as ballistic conductors at room temperature. Moreover, 
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the mean free path of MWCNTs is characterised as being dependent on the number of structural defects 
present in the CNTs resulting in a less conductive CNT architecture because of lower quality.  
Current CNT production methods are reviewed, including the PTCVD system. It is concluded that 
the PTCVD allows process temperatures that are compatible with the CMOS technologies. The optical heat 
source localizes the required energy on to the catalyst by efficiently coupling the heat with the catalyst 
front for the high-yield nucleation and growth of the CNTs.  Additionally, the growth mechanism for the 
catalytic CVD grown CNTs is investigated with a particular focus on the effects of substrates, interlayer 
thin-film combinations and the choice of catalyst. It is concluded that Fe catalyst yielded longer CNT forest 
compared to other catalyst choices such as Ni, Co, Mo or their alloys.  
Previous work on contacting and metallisation of CNT structures are reviewed. It is understood 
that two types of metal-nanotube contacts can form at the interface and decrease the conductance: 
Ohmic and Schottky. For micro-contacting and strain sensing applications, an ohmic contact should be 
established since this type of contact provides near perfect transmission. It is reported that the choice of 
metallisation directly affects the wetting of the CNTs as well as the formation of Schottky barriers at the 
interface. Pd metallisation provided good wetting and near ohmic contact at the interface, whereas Ti 
shows excellent wetting however higher contact resistance which is related to the formation of Schottky 
barriers and the highly reactive nature of Ti. Au metallisation is proven to show lower contact resistance 
but also poor wetting properties. It is argued that work-function matching with the CNTs, good wettability 
and the number of unoccupied d-orbital vacancies are the criteria to realise a good contact. Most of the 
resistance originates from the interface, therefore decreasing the contact resistance at the interface is 
more beneficial than improving the CNT conductance or the metallisation layer only.  
Mechanical properties of individual CNTs under tensile strains and metallised VACNT high-aspect 
ratio composite structures are also discussed. It is concluded that CNTs can possess Young’s modulus of 
up to 1 TPa however under compression CNT forests lack mechanical stiffness due to highly porous nature 
of the CNT forest.  
Since this project also involves utilising composite, highly stretchable, CNT-elastomer films as 
wearable strain sensors, previous work on the fabrication, working mechanism and applications of 
nanomaterial/elastomer-based, skin-mountable strain sensors are reviewed. Firstly, the strain-responsive 
working mechanisms are introduced, since stretchable sensors differ from conventional strain gauges 
based on the working strain sensing mechanism, such as disconnection between overlapped 
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nanomaterials and micro-crack propagation in sensing thin films. Then, possible applications and current 
challenges of the flexible and wearable sensors are discussed.    
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3 Analytical Characterisation Techniques   
 
In this section, the techniques relating to the characterisation of CNTs and their hybrid structures 
discussed are introduced. Different characterisation techniques are employed to observe the morphology 
of the as-grown and processed CNT structures by using scanning electron microscopy. The type of CNTs 
deposited and the quantification of the structural defects were determined by making use of Raman 
spectroscopy. Atomic force microscopy (AFM) is used to measure the average catalyst nano-island size 
and to analyse substrate surface parameters. Focused ion beam (FIB) microscopy is used to investigate 
the cross-sections of different CNT micro-contact and film samples. Finally, an electromechanical testing 
rig is employed to test the electromechanical behaviour of as-deposited and metallised CNT micro-
contacts discussed in Chapter 5, as well as of the CNT-PDMS based strain sensors discussed in Chapter 6.  
3.1 Scanning Electron Microscopy 
 
Scanning electron microscopy (SEM) is a non-destructive imaging technique that can resolve 
features down to a couple of nm for solid samples when using secondary electrons as the signal.215 The 
technique employs accelerating electrons from an electron source towards a sample, followed by 
measurement of the secondary electrons ejected from the sample. In detail, the electrons are accelerated 
from the source towards the condenser lens, where it is converged via electromagnetic coils. Following 
this, the beam then passes through an objective lens with the purpose of focusing the beam onto the 
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sample. There are also scanning coils present between the condenser lens and the objective lens which 
are used as stigmators and allow movement of the beam in the x and y directions (Figure 3-1a).  
Different types of signals are generated by the incident beam once it penetrates the sample. 
Depending on the penetration depth, each signal provides different types of information. Each of these 
signals can only be detected at a maximum depth which is known as the “interaction volume”. Secondary 
electrons, back-scattered electrons, X-rays, Auger electrons (Figure 3-1c) are the main type of signals. The 
deeper the incident electrons penetrate the sample, the more energy is required of the signal to exit the 
sample, in other words, the greater probability it will be absorbed into the sample. The energy will then 
be transformed as heat or electrical current and can only exit as photons, such as x-rays.  
 
Figure 3-1. (a) An illustration of the structure of the electron column of an SEM. (b) Monte Carlo simulation of the accelerated 
electron beam from 5kV to 30kV. The blue and red trajectories represent the incident and the back-scattered electrons. A three 
layers structure composed of 10 nm carbon, 20 nm Fe, 10 nm carbon is penetrated with the electron beam. The width is 70 nm 
and the interfaces are denoted by the dashed lines. (c) A schematic of a sample with electrons penetrated to various depths 
yielding different information signals. The secondary electrons are generated by the incident electrons and back-scattering 
electrons. The luminance, X-ray and Auger electrons are also generated during the electron scatterings. (d) The electron on the K 
orbital is excited by an incident electron and the outer shell electron is relaxed to the vacancy on the inner shell to emit X-ray. 
Another possible condition is to emit Auger electron. The scattered electron gives the extra energy to the electron on the outer 
shell to escape from the orbital. (a) is obtained from 216 (b) is adapted from 217, (c) is adapted from 218 , (d) is adapted from215 with 
permission.  
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As the incident beam strikes the sample surface, it scatters either elastically or inelastically. Elastic 
electron scattering is described as any scattering event in which the electron changes path whilst 
conserving its energy; this is the main form of scattering used in back-scattered imaging in SEM. When 
the incident electron from the beam penetrates the sample, in some cases it will be scattered back out of 
the sample into the detector rather than undergoing numerous inelastic scattering events, before being 
absorbed by the sample. These back-scattered electrons will maintain a large portion of their energy 
which allows electrons to penetrate deeper into the interaction zone compared to secondary electrons. 
Using back-scattered electrons for imaging provides extra information about the sample such as; 
composition (atomic number contrast – heavier elements will back-scatter more electrons so will appear 
brighter).  This contrast difference allows the observation of the catalyst in CNT samples to identify the 
growth mechanism (Figure 3-2a). Additionally, it could also be used to distinguish the interface of 
metallised CNTs. For example, Figure 3-2b displays a cross-section back-scattered SEM image of a Pd-
metallised CNT forest after the FIB milling process. The contrast difference observed is due to the atomic 
number difference where the Pd metal with larger atomic number (atomic number: 46) back-scatters 
electrons a lot more compared to C (atomic number: 12) which forms the porous CNT forest, so appears 
brighter allowing to distinguish the interface clearly by the strong contrast difference. It can be observed 
that the sputtered metal coating does not penetrate into the CNT forest for more than a few microns.  In 
inelastic scattering, the energy is not conserved when the electron path changes. The energy lost by the 
incident electron is transferred to excite another electron. This form of scattering is used for secondary 
electron imaging. Here, the electrons detected to construct the image are the sample’s knocked-out 
electrons through inelastic scattering event with the incident electron, whereas in the back-scattered 
imaging the back-scattered incident electrons are used for imaging. Secondary electrons are low energy 
electrons that are ejected from the surface of the sample. Once the electron beam is focused on the 
specimen, the electrons will interact with the specimen and the degree of interactions is determined by 
the acceleration voltages and the atomic number of the sample. Increasing the acceleration voltage allows 
electrons to penetrate deeper into the sample. Figure 3-1b illustrates a Monte Carlo simulation of a C/Fe/C 
sample penetrated with electrons with different acceleration voltages. The blue and red trajectories are 
the incident and back-scattered electrons. At low voltage, the majority of the interaction volume is near 
the sample’s surface with lots of back-scattered electrons however as the voltage is increased electrons 
penetrate deeper into the sample with less back-scattering. When observing CNTs, accelerating voltage 
becomes important in order to observe the catalyst particles due to high contrast difference between the 
catalyst and the nanotubes.  
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Emitted X-rays are on the other hand are used for energy dispersive x-ray spectroscopy (EDX) and 
are unique to each chemical element. They are used to detect the element of origin and their 
compositions. CNT samples can benefit from the use of EDX to identify any contaminants or residue 
catalysts219, however, special considerations must be taken to ensure the electron penetration depths are 
within the sample. For example, if the item of interest is not thick enough, many of the electrons will pass 
through the sample and the collected X-ray data will originate from beneath the sample.  
 
Figure 3-2. (a) Back-scattered SEM image of a MWCNT forest taken with 20 kV acceleration voltage. Catalyst particles are seen at 
the tips of CNTs as small white dots. The atomic number of Fe is much larger than C so it scatters back more electrons and appears 
white. Contrast difference allows the catalyst to be distinguished from the CNT structures.  (b) A backscattered cross-section SEM 
image of Pd (500nm) metallised MWCNT forest taken with 5 kV acceleration voltage, showing the contrast difference of the metal 
on the outer shell of the column structures and the CNTs inside showing that the metal coating does not penetrate the CNT forest 
further than a few microns demonstrating a good use of the choice of detector depending on the sample. The details of the focused 
ion beam milling of this sample are discussed further in Chapter 4.  
In this project, samples are prepared for SEM by adhering them to a metallic stub using carbon 
tape. The stub was placed in its holder in the vacuum chamber and the chamber pumped down to a 
vacuum of ≤1 x10-4 mbar. A range of parameters was used for each image, with accelerating voltages 
ranging from 5 kV to 30 kV and a spot size of between 3.0 and 4.0 µm. Tilted samples are placed on 45o 
stubs and then tilted further for accurate length calculations. All images are then post-processed using 
image processing software ImageJ for analysis. 
3.2 Raman Spectroscopy 
 
Raman spectroscopy is a widely used characterisation method to analyse the lattice properties 
and the quality of carbon-based materials. For example, structural defects introduced during CNT 
deposition can be identified with Raman spectroscopy.220 It is critical to quantify and relate these defects 
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to obtained properties of nanotubes since these defects directly affect parameters such as electrical 
conductance, work function, and mechanical strength which are critical for the applications of 
electromechanical systems discussed in this thesis. In addition to the ability to quantify the quality of 
nanotube structures, Raman spectroscopy allows very quick and easy non-destructive analysis. Due to 
their smaller size, characterising CNTs can be challenging however with Raman many features can easily 
be probed such as; the electronic structure of CNTs (metallic or semiconducting), the diameter of SWCNTs, 
the number of walls (for MWCNTs) and the quality of CNTs (by identifying the defects) to name a few.  
3.2.1 Introduction  
 
Light interacts with matter in many ways, such as reflection, transmission, absorption, and 
scattering. Raman spectroscopy relies on the scattering events (inelastic scattering) of monochromatic 
light from a laser source in order to give information on the chemical bonds of a sample. When light is 
scattered from a crystal, most photons are scattered elastically (Rayleigh scattering). The scattered 
photons have the same frequency as the incident photons. However, a very small portion of the total 
number of photons will have different frequencies than the incident photons, depending on the 
interaction with the material. This inelastic scattering is called the Raman effect. It was discovered in 1928 
by Indian physicist C.V. Raman 221 by using sunlight to focus on liquid and gas phase samples and observing 
scattered radiation by the naked eye. Since then, Raman spectroscopy has become one of the most 
powerful analytical surface techniques. Raman scattering can occur due to a change in molecular vibration 
(phonon), rotational or other low-frequency modes of its electronic states. It operates by irradiating a 
material with a laser of a certain wavelength, resulting in the excitement of a shared electron cloud across 
a chemical bond. The backscattered light by the material is collected, plotted as a function of change in 
wavelength and compared to the incident light intensity. Characteristic peaks at certain wavelengths 
correspond to specific chemical bonds within the sample. In order for a molecular vibration to be active, 
it needs to be polarisable, meaning that a characteristic change needs to be induced within the molecular 
electron cloud by the incident light. In other words, the change in the size, shape, and orientation of 
electron cloud of a molecule can result in variation of polarizability and the change of the electron cloud 
results from the change of bond angle, bond stretch, and bond shrink which hint that the phonon 
frequency is changed.  
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3.2.2 Raman Scattering 
 
When light irradiates a material, an electron is excited by the absorption of characteristic 
resonance frequencies. As the material relaxes back to its original energy state, it re-emits the photon of 
the same energy (elastic) in a random direction. This type of scattering is called Rayleigh scattering and 
does not carry Raman information about the material, therefore, it is filtered out by a notch filter (a 
wavelength selector). In extremely rare (1 in every 10 million events) cases 222, an atom within the material 
will have higher or lower electron excitation levels than the original energy level of the excited electron. 
In the presence of vacancies, electrons can de-excite to these vacancy positions rather than the original 
energy level and emit photons of either smaller or larger wavelengths than the wavelength of the original 
incident light. This is known as the Raman Effect (see Figure 3-3). These up or down characteristic shifts 
in energy contain information about the vibrational modes. When the emitted photon wavelength is 
shorter (energy gained) than the incident light wavelength, it is called anti-Stokes, when it is longer 
(energy lost) it is called Stokes. In Raman Spectroscopy, anti-Stokes Raman light is rarely used as it is 
considerably less intense than the Stokes, however, it represents equivalent vibrational information of 
the molecule.223  
 
Figure 3-3. The schematic of the energy level diagram showing the states involved in Raman spectra. Blue arrows in each pair 
indicate the absorption of the energy of the incident photon by the electron within the electron cloud. Second arrows in each pair 
represent the relaxation of the electron by emitting different wavelength (different energy) photons. Rayleigh scattering is filtered 
out as it contains no information about the material. The number of anti-Stokes scattering is much less than Stokes scattering 
therefore Stokes scattering is used for Raman analysis. 
Figure 3-4 shows the Raman spectrum for a bundled SWCNT produced by HiPCo CVD method. The 
low-frequency features (100-400 cm-1) show the radial breathing mode (RBM), associated with vibrations 
3.2. Raman Spectroscopy 
72 
 
of carbon atoms in the radial direction from the nanotube axis. RBM is associated with all types of SWCNTs 
and double walls. It is shown by theoretical and experimental studies that the RBM frequency is inversely 
proportional to the nanotube diameter 224–226, by the equation 𝑤𝑅𝐵𝑀 =
𝐴
𝑑𝑡
⁄ + 𝐵. The parameters A (cm-
1 nm) and B (cm-1) are calculated experimentally and depend on the physical conditions such as whether 
they are on a substrate or free-standing or dispersed in an aqueous solution 222,227–229; 𝑤𝑅𝐵𝑀 is the Raman 
frequency of the RBM peak and 𝑑𝑡 is the diameter of the nanotube. This simple formula shows that the 
frequency of the vibrations (at certain peaks) corresponds to the diameter of the CNTs. When there are 
more than one peak, it is possible this can arise from the inner and outer tubes of a double-walled 
nanotube.230  
In the spectral range between the RBM and the D-band, some low-intensity features are observed 
between 550 and 1100 cm-1. These features are strongly dependent on the laser excitation energy and 
are called as Intermediate-frequency modes (IFM). IFM band is not studied in full detail, however, Saito 
et al. 231 showed that there is a dependence on the nanotube diameter and some changes can be related 
to defects. Furthermore, the diameter dependence of the IFM band is also confirmed in experiments with 
DWNTs where the inner and outer tubes showed distinct bands in the IFM region.232  
The next peak in the spectrum is the D-band. It is common to all sp2-type hybridised disordered 
carbon materials, and it originates from phonons close to the K point of the graphite Brillouin zone 
(Brillouin zone is discussed in section 2.2.2); it is forbidden vibration mode but becomes active in carbon 
nanotubes due to the presence of defects, such as impurities or missing atoms, finite-size effects and 
molecules linked to the nanotube sidewalls.222,233 It is a result of a vibrational mode of the symmetrical 
expansion/contraction of each of the graphitic carbon hexagons. The D band is normally found at around 
1350 cm-1, however, the frequency of this band shows a strong linear dependence on the excitation laser 
energy. Dresselhaus et al. showed that the frequency of the D-band changes by 53 cm-1 /eV in graphite.  
In perfect graphite, as the vibration of each adjacent hexagonal ring of carbon effectively cancel each 
other out; however, when there is crystal disorder such as the presence of defects within the CNT 
structure, the symmetry rule no longer applies.  
The graphite-like band in carbon nanotubes is directly related to the G-band in graphite and 
involves the stretching vibration mode of the bond between two C atoms in the graphene unit cell.233 It is 
the main peak for identifying graphitic structures and is located around 1580 cm-1 on the Raman spectra. 
The ratio of the intensity of the D-band to G-band (ID/IG) is a widely used indicator of carbon-based 
material quality.234,235 For SWCNTs, when there is a geometrical anisotropy, the G-peak can split into two 
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peaks as G- peaks at 1570 cm-1 and the other, G+ peaks at 1590 cm-1 (see Figure 3-4). The G- feature is 
associated with the vibrations of carbon atoms along the circumferential direction of the SWCNTs and its 
lineshape is very sensitive to whether the nanotube is metallic or semiconducting. The G+ feature, in 
contrast, is associated with the carbon atom vibrations along the nanotube axis and its frequency is 
sensitive to charge transfer from dopant additions to SWCNTs (increasing for acceptors, decreasing for 
donors).222  
The M-band is only observed in double-walled carbon nanotubes (DWNT) and multi-walled 
carbon nanotubes (MWCNTs) due to the presence of bi-layer graphene (BLG) or few-layer graphene 
(FLG).233 It is found at around 1750 cm-1. Another peak within this region (Figure 3-4 - inset b) is called 
iTOLA can be observed at around 1920 cm-1 as a broad signal which are the results of a combination of 
one phonon from the in-plane transverse optical branch (iTO) plus one phonon from the longitudinal 
acoustic (LA) branch. It is highly dependent on the laser energy ( ~ 200 cm-1/eV)  can be observed on the 
Raman spectrum of intrinsic SWCNT in the range from 1864 to 2000 cm−1  depending on the Raman 
spectroscopy probe energy.233 
The last Raman peak observed is the G’ peak also called the 2D peak. It is the most intense feature 
in the second-order Raman spectra of SWCNTs and is the overtone of the D-band feature. Common 
overtones are ‘2D’ and ‘2G’ peaks which correspond to the D-band and the G-band where the ‘2’ highlights 
that it has a Raman shift of twice the original band. Overtones are normally difficult to observe within 
Raman spectra (especially 2G), due to the lower probability of the double vibrational event needed for 
these modes, they are normally indistinguishable amongst signal noise. 2D is slightly more than just an 
overtone, as it involves not one but two vibrational phonons causing the peak to be twice the intensity of 
the D-band. The intensity of 2D band can be quite high, which is an indication of long-range order 
compared to D-band which is related to structural defects.231 
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Figure 3-4. Raman spectrum of SWCNT bundles (HiPco) obtained with excitation laser energy EL = 1.96 eV. The radial breathing 
mode (RBM), the disorder-induced (D) band, the graphite-like (G- and G+) band, the intermediate-frequency modes (IFMs), G’ 
band, M and iTOLA bands are observed in the figure. The ranges associated with the IFM (600–1100 cm−1) and the M and iTOLA 
bands (1650–2000 cm−1) are enlarged in the insets (a) and (b) respectively. Adapted from Saito et al.233 with permission.  
 
3.2.3 Multi-wall Carbon Nanotubes  
 
Raman spectroscopy of multi-wall carbon nanotubes (MWCNTs) has not been investigated in as 
much depth compared to SWCNTs, due to the increased complexity required to model the density of 
states. Dresselhaus et al.222 stated that because of the large diameter of the outer tubes for typical 
MWCNTs and because MWCNTs contain an ensemble of carbon nanotubes with diameters varying from 
small to very large, most of the characteristics that distinguish the Raman spectra in SWCNTs from the 
spectra of graphite are not so evident for MWCNTs. For instance, the RBM peaks that are associated with 
a small diameter of an inner tube (smaller than 2 nm) can sometimes be observed when good resonance 
conditions are established; however, since the large diameter outer nanotube RBM signals are too weak, 
they broaden the signal which causes the inner diameter signal to be less distinguishable.  
As shown in Figure 3-4, G+ and G- splitting is large for small diameter SWCNTs; the corresponding 
splitting of the G band in MWCNTs is much smaller in energy and spread out due to the effect of the 
diameter distribution within the individual MWCNTs to render it indistinguishable from a single peak. For 
that reason, the G-band feature has a weakly asymmetric characteristic line shape, with a peak appearing 
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close to the graphite frequency of 1582 cm-1.236 Splitting of the G band is observed when the MWCNTs are 
prepared in the presence of hydrogen gas and studied as isolated MWCNTs.  
3.3 Atomic Force Microscopy  
 
AFM is a microscopy technique that can give atomic resolution. Imaging individual atoms became 
possible by the introduction of scanning tunnelling microscopy (STM) in 1981 by Binnig, Rohrer, Gerber.237 
AFM shares The AFM is closely related to STM and it shares the components, except the probe tip. 
Additionally, AFM does not require ultra-high vacuums and can be used to image non-conducting surfaces, 
unlike STM which relies on the tunnelling effect that necessitates measurements in ultra-high vacuums 
and conductive substrates.238  
Figure 3-5a illustrates the key components of an AFM setup. Briefly, an AFM uses a cantilever with 
a very sharp tip (usually Si) to scan over a sample surface. As the tip approaches the surface, the close 
range attracts the force between the surface and the tip cause the cantilever to deflect towards the 
surface. However, as the cantilever is brought even closer to the surface such that the tip makes contact 
with it, the repulsive force takes over and causes the cantilever to deflect away from the sample surface. 
This is demonstrated in Figure 3-5b as potential energy (or force) between a small AFM tip and a sample 
surface.  
A laser beam is used to detect cantilever deflections towards or away from the surface by 
reflecting an incident beam from the flat top of the cantilever; any cantilever deflection will cause slight 
changes in the direction of the reflected beam. A position-sensitive photo-diode (PSPD) can be used to 
track these changes. Thus, if an AFM tip passes over an array of surface features, the resulting cantilever 
deflection and the subsequent change in direction of the reflected beam are recorded by the PSPD. This 
is used to image the topography of the sample surface by scanning the cantilever over a region of interest. 
The raised and lowered features on the sample surface influence the deflection of the cantilever which is 
monitored by the PSPD. By using a feedback loop to control the height of the tip above the surface, which 
maintains the constant laser position the AFM can generate an accurate topographic map of the surface 
features.   
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Figure 3-5. (a) A schematic of the key components of an AFM microscope. An AFM cantilever which acts as a force sensor and a 
force actuator is attached to a piezoelectric scanner, a laser source bouncing off the cantilever and detected by a photo-diode 
detector. Si tip can be operated either in contact or ‘tapping mode” with respect to the sample surface, in this case, an annealed 
catalyst thin film on a Si wafer which formed nano-island particles on the Si surface. (b) Potential energy vs. interatomic distance 
graph showing the repulsive and attractive forces with respect to the distance between two atoms. In this case between the tip 
and the surface of the sample.  
There are three main operation modes of an AFM: contact mode, non-contact mode, and tapping 
mode. Contact mode is a static mode, whereas non-contacting and tapping modes are dynamic allowing 
to gather measurements for amplitude (of the oscillation), frequency or phase.  
In static, “contact” mode, the cantilever is dragged over a substrate surface maintaining the 
contact force at a constant level. Since the substrate and the tip are in contact there is the risk of damaging 
both, especially softer surface samples. In dynamic mode, the cantilever is purposely vibrated at or close 
it its resonance frequency. The vibrating energy is kept by the system, resulting in large and maximum 
orders for the amplitude. The resonance of the cantilever is characterised by amplitude, phase, and 
frequency.  Dynamic mode can have some advantages in comparison with static contacting mode. In this 
mode, the force of pressure of the cantilever onto the surface is less, which allows working with softer 
and easy-to-damage materials such as polymers and bio organics.238 The semi-contact mode is also more 
sensitive to the interaction with the surface, allowing to obtain further characteristics information of the 
surface – such as the distribution of magnetic and electric domains, elasticity and viscosity of the surface.  
Here it is important to understand what amplitude is. In dynamic mode, the set-point refers to 
the amplitude of the oscillation of the cantilever at which the tip taps the sample surface.  In this case, 
lowering the amplitude set-point will increase the tapping force exerted on the sample, and increasing 
the amplitude set-point will reduce the tapping force. In contact mode, however, the magnitude set-point 
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refers to the deflection set-point of the cantilever and is the actual cantilever deflection at which the AFM 
will scan. The force the cantilever exerts on the sample is directly proportional to the deflection of the 
cantilever via Hooke’s Law. For example, when imaging an annealed catalyst on a Si substrate in contact 
mode, the user can increase the set-point (amplitude) of the deflection which means that the AFM will 
start measuring once that certain amount of force is applied to the cantilever. This could be advantageous 
when imaging larger size catalyst islands to increase the depth of the measurement. However, in tapping 
mode increasing the amplitude set-point of the oscillation will result in a softer contact since less force 
will be exerted on the substrate. This then can result in the tip not being able to track the surface properly 
and move in and out of feedback due to lack of enough tapping forces. This could then give nano-island 
particle diameters smaller than their actual sizes.  
AFM is widely used to measure the catalyst diameter in the catalytic CVD deposition of 
nanomaterials, particularly nanotubes and nanowires.73,149,174,239 As discussed in section 2.3, CNTs are 
deposited using catalysts. A thin metal film is annealed for a short period of time to form partially-molten 
nanometer-size islands on the substrate from which then the nanotubes nucleate and grow. It is possible 
to estimate the diameter of the CNTs by measuring the diameter of the annealed catalyst particles before 
the growth.73,174 Figure 3-6a shows an AFM image, obtained in tapping mode, of an annealed Fe thin film 
(3 nm) under H2 at around 400 oC. The details of the measurements and the annealing conditions are 
discussed in sections 5.2.2 and 5.2.3 in Chapter 5. A Fast Fourier Transform (FFT) band filter can be applied 
to help distinguish the nano-islands to increase the resolution of the calculations as displayed in Figure 
3-6b. The diameter is estimated by calculating each area of the chosen nano-island particle using an image 
processing software such as Image J. For example, in Figure 3-6c there are over 2000 catalyst islands 
considered within an area of 1 µm x 1 µm. However, diameter calculations are based on catalyst islands 
are being spherical but as it can be seen in the image that the appearance of the catalyst islands is not 
perfectly spherical. This is a source of error and can be minimised by sampling at least a few scans and 
paying attention to AFM parameters set by the user as described in the previous paragraph. Using this 
method, the areal density of CNTs can be estimated, this is discussed in more detail in section 5.2.3.  
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Figure 3-6. (a) A typical AFM image of a 1 µm x 1 µm area of the annealed Fe thin film (3 nm, e-beam evaporated) on a Si substrate 
under H2 at 400 oC. (b) an FFT band filter applied image of (a) to increase the resolution. (c) calculated areas of different size nano-
island size to estimate the diameter distribution of the catalyst islands using Image J software.  
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Another approach to correlate the catalyst diameter to the CNT diameter could be from the 
conservation of volume. If we assume that after the annealing the catalyst islands form a hemisphere 
shape and the cantilever directly measures the diameter of it, then the volume of the catalyst particle 
before the growth could be calculated using the Eqn. (3-1). Since the volume of the catalyst has to be 
conserved when the catalyst is lifted off the substrate and carried upwards in the CNT shell based on the 
tip growth mechanism, it should be equal to the volume of the catalyst particle inside the inner shell. This 
calculation approach suggests that 𝑟𝐶𝑁𝑇 ≅ 0.8 𝑥 𝑟𝐶𝑁𝑇  and combining this with the distribution of the 
catalyst diameter estimated using the AFM (shown in Figure 5-4 in Chapter 5), a more precise CNT 
diameter could be estimated for the calculation of CNT areal densities. However, given that the CNT areal 
densities could be between 106 – 1012 per cm2, areal density calculations are always going to be estimation 
to an extent.    
In summary, AFM is a useful technique to estimate catalyst island diameter distribution for CNT 
deposition. Since catalyst diameter directly controls the type and the diameter of CNTs, it is critical to 
design the catalyst accordingly to increase the CNT areal density depending on the application.  
 
3.4 Electromechanical Testing Setup 
 
This section describes the electromechanical testing setup design, its components and the testing 
capabilities. Since this testing rig is an in-house built setup, a section dedicated to the experimental 
limitations of the rig is also disclosed to discuss the disadvantages and how these disadvantages are 
overcome. Previously, Gopee et al.240 had built a setup to characterise and assemble nano-interconnect 
systems (CANIS). Certain components of this setup were borrowed from NPL and redesigned to build the 
“Electromechanical Testing Rig” (EMT) used for this study. 
3.4.1 Equipment Design  
 
The nature of the project required to test fabricated CNT micro-probes for their 
electromechanical response. In the early stages, several attempts were made to contact CNT probes using 
standard probing stages however these setups only test electrical properties. Additionally, these systems 
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are operated manually, risking damaging the CNTs during alignment and testing. Therefore, an 
electromechanical characterisation setup was required to test CNT micro-probes and sensors at the 
micron scale. Figure 3-7 shows an image of the setup in detail. A load cell (Tedea-Huntleigh 0.3 kg, single 
point, compression load cell, Al body) is mounted on a motorised stage (Thorlabs MTS50-Z8) which allows 
sequenceable movements in the vertical axis. The system was calibrated using standard weights at the 
ATI. The load cell is connected to a strain gauge amplifier and a bandpass filter is applied to reduce noise. 
The resolution of the load cell was ± 5 mN. A Cu top contact (plated in Au) imaged in Figure 3-8 is screwed 
on to the cantilever load cell to measure the mechanical robustness of the probes and sensors produced. 
The top contact had a diameter of around 2 mm. A 500 µm diameter top contact was designed as well, 
however, it was not possible to manufacture it in the machine shop with existing equipment. It required 
high precision, micro-machining which was not available during the course of this project. The large 
diameter of the top contact made it difficult to contact only a single CNT microprobe, especially below 
200 µm pitch. This limitation and the practical solution are discussed in section 3.4.2. The load cell data is 
collected through a shielded BNC connector (NI BNC 2110) connected to a DAQ card.  
A high precision displacement laser (Keyence LK-G30, range ± 5 mm with a resolution of 0.1 µm) 
is mounted on top of the moving load cell to measure various mechanical parameters such as strain, over-
travel, etc. Due to a very small range of the displacement laser, it is mounted on to micrometre stage that 
can move the laser head in the vertical axis to avoid laser going out of range during measurements. Two 
digital microscopes in x and y directions are used to align the top contact with the CNT micro-probes 
before testing. Digital microscopes are also used to image in-situ electromechanical characterisation of 
CNT probes under compression to identify mechanical failure mechanisms as discussed in Chapter 5 as 
well as the uniaxial tensile stretching of the CNT-PDMS strain sensors to identify working mechanisms of 
the sensors as investigated in Chapter 6. Electrical measurements were performed using a 4-point 
measurement arrangement with shielded wires. The technical specifications of all the parts used in EMT 
are disclosed in Appendix A.  
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Figure 3-7. EMT Rig Setup details. 1) Laser head to measure displacement, 2) sequenceable motorized stage 3) a low load, high 
precision single point load cell 4) Motorised stage controller 5) Strain gauge amplifier 6) BNC connector that is connected to DAQ 
card 7) Laser controller 8) bottom stage, moveable in x, y and z directions attached to a heavy-duty lab jack 9) Au coated top 
contact attached to the motorised stage 10) 2x digital microscopes 11) Dual power supply for the load cell 12) Source measure 
unit 13) Power supply unit for the laser. The details and the specifications of each part are available in the appendix section A.  
 
 
Figure 3-8. Optical images of the top contact that is used to probe CNT-microprobes. (a) Top view (b) Side view. The top contact is 
made of solid copper however before the assembly it was coated in Au.  
EMT is run via a Labview interface shown in Figure 3-9. The programme collects time, contact 
resistance, force, and displacement data simultaneously. On average, 10 data points are collected per 
second however as the duration of electromechanical tests are increased from minutes to hours, fewer 
points are collected per time automatically. The complications related to this are addressed in section 
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3.4.2. This programme was initially used for CANIS setup241 mentioned above hence it has temperature 
monitoring features. When the Labview code was rearranged, these features were kept in case 
electromechanical tests are performed at elevated temperatures. It is important to mention here that the 
parts of the Labview code were rewritten with great help from Mr Laurence Stant. To control the motion 
of the motorised stage, Thor Labs Kinesis® software was used. This software allows us to sequence the 
motion of the stage and repeats that motion thousands of times allowing cyclic electromechanical testing 
with good precision. The velocity and acceleration of the stage can also be controlled. The interface of 
this software with the possible settings options are displayed in Appendix A.  
 
 
Figure 3-9. EMT Rig Labview Interface. Force, displacement, contact resistance and time are simultaneously recorded. 
Temperature measurement interface is included but was not used during the measurements.   
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3.4.2 The Experimental Limitations of the EMT Setup  
 
Since the EMT setup is a house-built testing rig, it is important to be aware of its’ limitations to 
obtain the desired data with minimised error.  
One of the complications when testing the fabricated CNT microcontacts (Electromechanical 
characterisation of CNT microprobes is discussed in Chapter 5 in detail) is the difficulty to contact only a 
single probe during touchdown especially when arrays of small CNT microcontacts are compressed above 
50 µm. This issue is more pronounced when the array pitch is below 200. Figure 3-10a demonstrates this 
problem, the probe on the left to the tested probe is contacted due to large over-travel (100 µm) and 
small pitch of the probe array.  
 
Figure 3-10. (a) A captured image of a 200 µm x 200 µm Pd metallised CNT micro-probe over-travelled a 100 µm, it can be seen 
that the Au plated top contact is touching another probe on the left due to small pitch and large compression length. (b) is the 
strategy which involves compressing the adjacent probes to be compressed prior to testing to overcome this problem when large 
compressions tests are performed. All scale bars are 400 µm.  
The solutions for this complication could be reducing the top contact diameter (required 
expensive micro-machining – was not possible to do in Surrey) or separating the probes further from each 
other since only a single probe is tested at a time, the pitch of the array is irrelevant. However, this meant 
a new photomask design for lithography which is again expensive.  Figure 3-10b illustrates a more practical 
and cost-effective solution. When probes are tested under large over-travel, the adjacent probes are 
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compressed to avoid contacting more than one probe. For example, when probe #1 is to be tested, probes 
# 2, 3,4,5,6 are compressed as much as possible prior to testing, as visualised in Figure 3-10b. 
EMT rig is designed to collect 10 datapoints per sec on average however when long-term 
electromechanical measurements are performed, the system is run continuously up to a day to 
understand the mechanical durability and contact resistance stability of fabricated devices discussed in 
Chapter 5 and 6. Figure 3-11 below shows examples of the number of data points collected as a function 
of time during cyclic electromechanical tests performed with the EMT rig. It is noticed that during the 
tests, the number of data points EMT logger collected per second decreased with increasing testing time, 
as displayed in Figure 3-11a. When collected datapoints remained below 10,000 the elapsed time as a 
function of data points collected exhibited a linear relationship, averaging ~8 data points per second 
(Figure 3-11b). However, when the 20,000 cycles electromechanical stability test is performed, the 
number of data points collected per second decreased to around ~4. Even though the measurements are 
still correct when the testing duration is gone beyond 3 hours since the difference is fewer data points 
collected per second (decreasing the resolution of the data). This is still treated as an experimental 
limitation. Therefore, during long-term stability tests of various samples, the number of cycles performed 
is kept below 2500 cycles (or 10,000 s testing time) depending on the desired strain rate. In this case, the 
data resolution is kept around 10 datapoints/s. In other words, averaging 5 runs of 2500 touchdown cycles 
of datasets would provide a more reliable data than performing a single 12,500 touchdown cycles in a 
single run.  
 
Figure 3-11. The number of data points collected as a function of elapsed testing time when testing samples under cyclic loading 
conditions using EMT rig. (a) Different tests with a variety of numbers of cycles (from 1250 cycles to 20175 cycles) performed 
without stopping the tests. Increasing the elapsed time beyond 10,000 s (> 3 hr) resulting in a smaller number of data points 
collected as a function of time. (b) a mode detailed figure of elapsed time vs. # of data points collected for a 5000-cycle 
electromechanical testing of a CNT-metal hybrid micro-contact showing a more linear behaviour. 
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Figure 3-12. Electromechanical cycling tests to test the mechanical durability and electrical contact resistance stability of a CNT-
Pd hybrid micro-probe (with 200 µm x 200 µm cross-sectional area) under cyclic compression loading. (a) A 5400-cycle test, 
showing good contact resistance stability. (b) A detailed section of a) showing the small fluctuation of the contact resistance as a 
function of time. (c) A 15,000-cycle test, showing large sections of deviations from the stable contact resistance values measured 
initially. (d) is a detailed section of c) showing the settlement of the contact resistance back to the initial values after over 10,000 
cycles.  
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Finally, Figure 3-12 shows two different full data sets of cyclic electromechanical stability tests 
performed for different numbers of cycles for the CNT-Pd hybrid micro-probes (with 200 µm x 200 µm 
cross-sectional area, electromechanical characterisation of CNT micro-probes is discussed in Chapter 5).  
Figure 3-12a illustrates a 5400-cycle run (Figure 3-12b is a section from Figure 3-12a showing the details 
of the contact) and Figure 3-12c displays a longer ~15,000-cycle test of an identical sample. Here the 5400-
cycle represents a more reliable test compared to the 15,000-cycle. The contact resistance is stable 
throughout the test with small electromechanical performance degradation. The 15,000-cycle however, 
revealed different results. The contact resistance is somewhat stable up to ~5000 cycles before the 
stability is lost resulting in resistances jumping from ~0.5 Ω to 2 Ω; however, it settles back to the initial 
0.5 Ω values after over 10,000 cycles and remains stable for the remaining of the test (for a few thousands 
of cycles, see Figure 3-12d for more detailed a few cycles). The fact that the initial and the final values do 
not vary much after 15,000 cycles suggests that the observed fluctuation in the middle section of the test 
may not be originating from the sample. It could still be the result of a temporary contact misalignment 
with the substrate or a form of experimental setup instability since this has been observed a few times. 
Nevertheless, this is another reason why long-term testing is performed in parts.  
To sum up, the EMT rig is a reliable testing setup to perform electromechanical characterisation 
for both CNT micro-probes and CNT based strain sensors produced within the scope of this study. The 
system allows the detection of very small forces (± 5 mN) with a resolution of 0.1 µm displacement sensor 
and ± 1.6 µm resolution, vertical, sequenceable motorised stage.  
3.5 Conclusions 
 
In this section, each of the main analytical techniques employed has been discussed, featuring 
their strong points and appropriate implementation techniques. Understanding and identifying the 
advantages and disadvantages of each analytical technique permits suitable, accurate analysis with 
minimised errors of produced samples throughout this project. Even though each characterisation 
technique is limited in the insight it can provide, combining different techniques allows more confident, 
more accurate characterisation results.  
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In this chapter, the CNT growth method and the characterisation methods of the as-grown CNTs 
are described. The initial aim of the CNT deposition experiments was to establish the growth parameters 
for achieving high purity, metallic and structurally defect-free MWCNT forests with lengths above 500 µm, 
as discussed in sections 1.3, on electrically conductive substrates, in order to build on-chip probe 
architecture at CMOS-compatible processing temperatures. Greater CNT lengths (> 300 µm) are required 
due to the nature of the contacting application as well as to achieve good compliance. PTCVD method is 
a unique system therefore the parameter reported by other studies based on bottom-up heating 
(presented in Table 2-1) as in conventional CVD methods is not completely applicable for this study. 
Additionally, PTCVD parameters studied by other researchers73,74,89,242 mainly worked with CNTs with 
lengths lesser than 30 µm. Therefore, optimising the PTCVD parameters towards longer CNTs was 
required. In this study, greater lengths are achieved on both insulating (Al2O3, and Si with 300 nm SiO2 ) 
and metallic (Si with 100 nm TiN) substrates by increasing the process pressure, combined with higher 
temperature and carbon feedstock gas flow rate.  
As-deposited CNTs were then characterised by SEM and Raman spectroscopy in order to assess 
their quality.   
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4.1 Substrate Preparation and Catalyst Engineering Techniques  
 
In this chapter, the experimental methods used to grow CNTs are explained in addition to 
techniques employed to characterise their as-grown properties. The chapter is divided into three main 
parts: Catalyst preparation, CVD deposition and material characterisation.  First, the substrate 
preparation, catalyst deposition and catalyst patterning will be explained followed by the process of CNT 
growth, followed by analysis techniques such as Raman spectroscopy and scanning electron microscopy. 
The initial objective of the experiments was to determine the parameters for obtaining highly dense, high-
quality metallic MWCNTs of lengths greater than 300 µm with 50 µm pitch.  
4.1.1 Substrate Cleaning  
 
It is critical to maintain cleanliness at each step of the process involved, the remnants which are 
left from the previous process steps influence the subsequent processes involved and hence the final 
device properties. All substrates used for the CNT growth process go through the same substrate cleaning 
process to achieve a clean, debris and organic/inorganic contamination-free surface for deposition. Before 
the cleaning process, substrates (either a full n-type <100> Si wafer with or without a thermally grown 
300 nm oxide layer or Al2O3 sheets) are cut into 2 cm x 2 cm squares. Substrates are sonicated in acetone, 
iso-propanol (IPA) and deionised water (DI) water for 5 minutes each, in that order. Acetone is the primary 
solvent used to remove organic remnants/contaminants from the substrates. It is a good polar solvent 
that dissolves most of the organic resides on the substrate. However, during the cleaning process, it may 
redeposit the remnants because of its high evaporation rate. IPA is used as a secondary chemical to 
remove the contaminants related to acetone and other organic residues left on the wafer. IPA is the most 
suitable for dissolving non-polar contaminants that are left on the wafers yet it still evaporates at a fast 
rate, similar to acetone. Finally, DI water is used to completely wash out the residues and to make 
substrates ready for the subsequent process involved. After sonication, the wafers are dried thoroughly 
with an N2 gun. In the final cleaning step, dried samples are exposed to oxygen plasma at 0.15 Torr O2 
with, 100 W power, for 5 minutes using a plasma asher (Emitech K-1050X). This last step helps remove 
the remaining organic residue. This step also aids the photolithography process by dehydrating the wafer 
surface (>150 oC) to increase hydrophilicity and thus assist the photoresist adhesion (discussed in section 
5.2.1.1).  
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4.1.2  Substrate Structure Design and Deposition Techniques  
 
In this study, both Si and Al2O3 substrates are used for CNT deposition. A thermal/diffusion 
interlayer (TDL) is required for good growth yield for CNT deposition on Si. There are two functions of the 
TDL layer: Firstly, this layer acts as a thermal barrier between the Si substrate and the catalyst front to 
limit the heat energy transfer through the substrate and removed by the gas flow.74 Secondly, this layer 
prevents the formation of silicide by the diffusion of the catalyst to the Si substrate. In this study, different 
thermal barriers (shown in Figure 4-1) are employed to explore their effect on the growth of ultra-long (> 
300 µm), good quality CNTs. The role of individual support layers and the choice and thickness of the 
catalyst thin film are discussed in section 2.3.8 in more detail. Two deposition methods are used to deposit 
the support layers and the Fe catalyst. When SiO2 and Al2O3 are used, the whole deposition process is 
performed by electron gun (e-beam) evaporation, whereas for samples requiring TiN, a reactive sputtering 
process using a DC magnetron sputtering is used. This allowed all layers to be deposited in one run in both 
cases to avoid contamination and to achieve consistency in layer thicknesses. With the e-beam, the layer 
thickness was monitored in-situ by a quartz crystal monitor and calibrated by an ellipsometer (Plasmos 
SD2000 ellipsometer with a laser wavelength of 632.8 nm). In the case of sputtering, parameters given in 
Table 4-1 were used and depositions were timed accordingly. Before deposition, the targets were cleaned 
by blank sputtering in the opposite order of deposition, to prevent target contamination. Base pressures 
of <10-6 mbar are achieved before deposition in both systems. All targets had at least 99.95 % purity. 
 
 
Figure 4-1. Different structures of the substrate. Doped n-type Si substrate deposited with a layer of a thermal barrier of different 
materials. (SiO2 – either as purchased (thermally grown) or sputtered, Al2O3 – e-beam evaporated, TiN – sputtered) Subsequently, 
a layer of the support layer of Al is deposited followed by the catalyst. 
 
 
4.1. Substrate Preparation and Catalyst Engineering Techniques 
90 
 
Table 4-1. DC Magnetron Sputtering deposition parameters for the thermal barrier, support and catalyst thin film layers. 
DC Sputtering TiN Al Fe 
Power (W) 240 110 30 
Voltage (V) 333 347 298 
Current (A) 0.70 0.32 0.12 
Control Pressure 5 mTorr 5 mTorr 5 mTorr 
Argon Gas Flow (sccm) 25 25 25 
N2 Gas Flow (sccm) 25 - - 
Expected Deposition 
Rate (nm/min) 
2 3.5 1 
 
It has previously been demonstrated that using TiN as the thermal barrier layer for CNT growth 
via PTCVD system is advantageous73,74 as TiN acts as a good electrically-conductive, thermal and diffusion 
barrier layer, enabling on-chip designs on ohmic substrates; this is not the case for the other dielectric 
thermal barrier layers used in this study. However, dielectric thermal barrier layers are employed with 
transferring as-grown CNTs in mind for different applications such as stretchable strain sensors discussed 
in Chapter 6. Due to the nature of the possible application, whether CNT based microprobes or sensors, 
increased lengths of highly crystalline CNT structures are required, therefore priority is set as achieving 
lengths greater than 500 µm for the CNTs.   
The first parameter that should be considered when designing a growth structure is the thermal 
conductivity of barrier layers at elevated temperatures. Similar to TiN, SiO2 and Al2O3 are good thermal 
insulators. At 1000 oC, the thermal conductivity of SiO2 is 1.1 W m-1 K-1  whereas Al2O3 and TiN are 12.35, 
8.92 W m-1 K-1 respectively243 with SiO2 showing the best thermal insulation at elevated temperatures. This 
is required to insulate the substrate and maintain the temperature at the growth front (the catalyst) in a 
system that is designed to cool down the substrate temperature. The second consideration is the 
characteristic reflectance values since PTCVD system provides energy in the form of optical energy, 
refractive indices and optical thicknesses of support layers become important. Chen et al. 74 showed that 
TiN and Al had good optical reflectance of IR radiation (between 700-1000 nm wavelength) and explained 
that this boosted the growth process by heating up the catalyst twice as all the light penetrated through 
and reflected back as a result of low transmittance characteristics of the support layers. SiO2 has a 
comparable optical reflectance (~55%) to TiN and its transmittance is higher than Al2O3 (~15%) 244,245 This 
4. Carbon Nanotube Synthesis via Photo-Thermal CVD 
91 
 
indicates that all three support layers provide a good reflection of the optical range, increasing the catalyst 
efficiency. In terms of reflectance efficiency, Al2O3 is the best choice as it does not absorb the light. 
Additionally, using Al2O3 as a support layer has been shown to catalyse hydrocarbon reforming, increasing 
the growth of long SWCNTs.115,246 When thermal insulation is considered, SiO2 is a better choice to keep 
the heat that is required for growth at the catalyst level for more efficient growth. As will be discussed in 
the following sections, the growth parameters and the surface roughness of the substrate also affect the 
growth.  
4.2 Photo-Thermal Chemical Vapour Deposition  
4.2.1 Experimental Setup  
 
The main CVD methods used for CNT production are discussed between sections 2.3.1 and 2.3.6 
in Chapter 2. The catalytic CVD method is not suitable for short-time productions as the process 
temperature is usually read as the temperature of the ambient air of the hot zone inside the chamber via 
a thermocouple.  Therefore, longer processing times are required to reach temperature equilibrium 
between the ambient air and the substrate. Additionally, the cooling time processes of these systems are 
longer, since the well-insulated tubular reactors are heated up to 1000 oC. This may also introduce defects 
and impurities to CNTs if process gases are not removed quickly from the chamber during cooling. The 
PECVD method uses a plasma, this means CNTs are bombarded with ions during growth. This introduces 
defects and formation of defective multiwall carbon nanotubes as well as undesired sputtering inside the 
chamber walls. This is discussed in detail in the oxygen plasma functionalisation of CNTs section in 4.4.3.  
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Figure 4-2 Schematic illustration of the PTCVD system. An optical head equipped with 8 IR lamps isolated from the reaction 
chamber via a thick quartz glass. Each lamp produces 1000W power and couples the optical heat with the growth front (the 
catalyst). The sample is placed on a carbon fibre plate which sits on a water-cooled stage to cool down the bottom of the substrate 
during growth. A pyrometer is to measure the bottom substrate temperature and a K-type thermocouple (MgO insulated, stainless 
steel 1 mm diameter) is placed on the top of a dummy sample to measure the growth front/catalyst temperature.  
In PTCVD process (as shown in Figure 4-2), the design allows for the efficient coupling of the 
optical heat with the catalyst. There are two main components that are different compared to other CVD 
methods: 1) Energy is delivered optically from an array of high-power lamps in the form of optical energy, 
2) the substrate is placed on a water-cooled stage and continuously cooled during deposition. The optical 
head consists of eight identical high-power IR light bulbs (each has 1000W power) in a 10 cm diameter 
circular arrangement. The optical head is isolated from the chamber by a 14 mm thick quartz glass. The 
water-cooled sample stage is located 12 cm below the optical head and can accommodate a 4-inch wafer. 
Inside the reaction chamber, the samples are placed on a 4-inch Si wafer. The Si wafer sits on a carbon 
fibre plate. The substrate temperature is measured via a pyrometer. The carbon fibre plate is required to 
protect the pyrometer from the heat, it also acts as an IR filter and emits perfect black body radiation, and 
therefore the pyrometer can measure the “true” temperature. The temperature measured is the 
temperature of the carbon fibre plate underneath the sample. The catalyst temperature is measured using 
a K-type thermocouple directly touching the substrate surface without a catalyst to indicate the 
magnitude of the temperature at the growth front. This measured temperature is assumed to be the 
catalyst temperature. The thermocouple used here is a MgO insulated stainless steel 1 mm diameter with 
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Al and Cr wires buried into the ceramic. Only the spot-welded tip of the Al-Cr wires touch the catalyst to 
measure the temperature to increase the accuracy. In this thesis, all the substrate temperatures reported 
are measured with this setup.  
4.2.2 CNT Forest Thin Film Deposition Process Overview 
 
CNT deposition is achieved in three steps. First, annealing of the catalyst stage: The chamber is 
pumped down to at least 5 x 10-5 Torr base pressure before H2 gas is bled in. This stage allows the 
continuous thin catalyst film to break up and form small islands of nanoparticles. It is also used to reduce 
the catalyst as the substrate is transferred in air, a native oxide can form on the catalyst and inhibit growth 
of CNTs. The H2 gas is widely used as the reducing gas. Annealing is performed under a range of 
temperatures and H2 pressures. The second step is the growth. Here, the addition to the carrier (reducing) 
H2 gas, a hydrocarbon source in vapour form is fed into the chamber. For this study, acetylene (C2H2) gas 
is used as the carbon source. The final step is the cooling step: after the growth is complete, first the 
hydrocarbon source is stopped and after 1 minute the lamps are turned off. The sample is then allowed 
to cool with the flow of H2 and by the water-cooled stage. Before the sample is removed, the chamber is 
purged with N2 twice. Once the chamber temperature reaches below 190 oC (the lower measuring limit of 
the optical pyrometer) samples are removed, which usually takes 10 min.   
4.2.3 Growth Parameters and Results  
 
The process parameters for the PTCVD method that were investigated to achieve optimum 
growth are temperature, pressure, H2 and C2H2 flow rates.  Many combinations are possible; however, 
already existing work done by Chen et al. 74,247 and Muhammad et al. 73,248 are taken as guidelines, even 
though most of their work did not focus on the growth of very long (>300µm) nanotubes.  
The growth mechanism is very complex and not fully understood, as all the parameters have 
influences on each other. For example, increasing the pressure will eventually increase the temperature 
since with increasing pressure, more hydrocarbon will be present in the chamber. The decomposition of 
the hydrocarbon gas source is an exothermic reaction, providing more heat energy into the chamber. 
Increasing the gas flow will have a similar effect addition to sourcing more carbon to the system, however, 
it should be mentioned here that, higher pressures and higher gas flows mean a higher concentration of 
H2 in contact with the substrate resulting in removing heat from the substrate. Therefore, to keep the 
catalyst in the active temperature range, increasing the pressure should be accompanied by increasing 
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the process temperature, even though as mentioned above, the decomposition of the hydrocarbon 
source gas is an exothermic reaction. This is a good example of the complexity of designing a recipe for 
high growth rates.  
Table 4-2. An overview of the parameters used for PTCVD CNT growth. Parameters that resulted in CNT growth are reported in 
this table. Temperatures lower than 335 oC (<40 %) did not yield any significant growth. Temperature data reported in this table 
are the max stable temperature values recorded during annealing and growth stages separately. 
Annealing Stage Growth Stage 
CNT 
length 
Power 
Output 
(%) 
Substrate 
Temp. 
(
o
C) 
H
2
 flow 
(sccm) 
Pressure 
(Torr) Time (min.) 
Power 
Output 
(%) 
Substrate 
Temp. 
(
o
C) 
H2 Flow 
(sccm) 
C
2
H
2
 
Flow 
(sccm) 
Pressure 
(Torr) Time (min.) 
Initial 
Trials 40-45 335-370 100 2 10 40-45 365-395 100 10-20 2 5-15 
CNTs > 
100 µm 50 385 100 5 10 50 415 100 20 5 10-15 
CNTs > 
300 µm 55 401-410 100-200 10 10 55 425-455 100-200 20-50 10 15 
Effect of 
Growth 
Time 
55 ~400 100 10 10 55 420-445 100 20 10 0.5-60 
 
Fundamentally, for growth three elements should be present and satisfy the growth dynamics: 
the temperature at the catalyst front, the chemistry (the breakdown temperature) of the source of 
carbon, and the role of the reducing agent. They all need to be working with each other for good growth. 
If one element is removed from the system or unbalanced, the growth stops. If enough energy is provided 
to the system and the catalyst remains active during growth, more carbon source can be introduced to 
the system for a higher growth rate, up to a certain maximum rate until one of these factors becomes too 
difficult for the system to balance out and the process degrades or ceases completely.  
A set of growth parameters is summarised in Table 4-2. The probing application demands high 
aspect ratio vertical structures, therefore recipes for arrays of vertically-aligned, extra-long CNT forests 
are sought. Initial growth experiments performed on Si wafers with SiO2 as the thermal barrier layer at 
low pressures (2 Torr) and at lower temperatures (< 370 oC) did not yield CNT lengths greater than 30 µm 
(see Figure 4-3 (a, b). Similar results are reported here.73,74 Having kept all the other parameters constant, 
the pressure and the power were increased to 5 Torr and 50% (up to 400 oC), respectively. This resulted 
in much longer CNT forests of up to 150 µm shown in Figure 4-3(c). The higher magnification SEM image, 
shown in Figure 4-3(d) illustrates the achieved high vertical alignment of the deposited CNT forests. 
Further increase in power up to 55% (~425 oC)  and 10 Torr pressure increased the length to 200 µm; 
however combining the higher temperature and high pressure with increased flow rates of acetylene ( 
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from 20 sccm to 50 sccm) and hydrogen gas (from 100 sccm to 200 sccm) resulted in CNT forests of up to 
500 µm in length Figure 4-3 (e,f). As shown in Figure 4-3(d), in all cases the vertical alignment is highly 
achievable via the PTCVD deposition.  
 
Figure 4-3. Various PTCVD grown CNTs on Si substrate with a SiO2 thermal barrier layer using a different set of parameters shown 
in Table 4-2. (a) and (b) are from the initial experiments. These samples are grown under 2 Torr pressures using 45% power (~394 
oC) for (a) and 40% power (~374 oC) for (b) under 100 sccm H2 and 20 sccm C2H2. CNT length varies between 15 – 20 µm. (c) is 
grown under 5 Torr with 50 % power (~410 oC) with identical gas flows as (a) and (b). (d) is the close-up of (c) showing the highly 
vertically aligned CNT forest. (e) and (f) are extra-long CNTs (over 300 µm). Increasing power to 55% at 10 Torr pressure resulted 
in longer CNT forests. In (f) gas flow rates are 200 sccm H2 and 50 sccm C2H2. Tilt angle (c-d) 80o. The substrate temperature 
measurements were performed via a pyrometer. The samples were placed on a full Si wafer. That Si wafer sits on a carbon-fibre 
plate. The carbon fibre plate is used to protect the pyrometer from the heat. The temperature measured is the temperature of the 
carbon fibre. 
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Having considered all the CVD parameters and the nature of the application, growth conditions 
were fine-tuned towards achieving 500 µm long CNTs by using the parameters established in Table 4-2. 
Figure 4-5 displays the maximum CNT length achieved via different substrate-thermal barrier layer 
combinations. Growth was performed 3 times with the identical parameters and for each sample, 20 
measurements were taken using ImageJ software and the results were averaged. On Al2O3 substrates, 
CNTs lengths of up to 720 ± 70 µm (Figure 4-5a) were achieved. The CNT growth on Si substrate varied 
depending on the barrier layers. The maximum CNT lengths achieved are;  610 ± 40 µm (Figure 4-5b), 510 
± 60 (Figure 4-5c), 470 ± 40 (Figure 4-5d) for Si substrate with 300 nm SiO2, 250 nm Al2O3 and 100 nm TiN 
barrier layers, respectively for a 30 min growth. All samples had 10 nm of Al and 3 nm of Fe on top of the 
thermal barrier layers, as shown in Figure 4-1. The longer CNT length achieved on Al2O3 substrates could 
be attributed to the surface roughness of the substrates. Dai et al. 249 showed that porous surfaces 
increased the growth rate compared to plain surfaces such as polished Si substrates by increasing the 
permeability of hydrocarbon molecules, resulting in more efficient feed for the growth process. Figure 
4-4a displays a 3-D profile surface topography of a 2.5 mm x 2.5 mm section of a clean Al2O3 substrate, 
whereas Figure 4-4b and c show typical cross-section profile traces in x and y directions. The calculated 
average root mean square (RMS) roughness (Sq) value is 953 ± 10 nm. Compared to a polished Si substrate 
(0.245 ± 0.05 nm) the surface of the Al2O3 substrate is much rougher. Increased roughness could have 
provided extra permeability for the process gases resulting in a higher growth rate.  As previously 
discussed in section 2.3.7, the CNTs are grown via the tip-growth mechanism which is also confirmed by 
TEM analysis discussed in Chapter 5.2.3. It is possible that the initial state of the catalyst could be the main 
connection to the final length; therefore, the critical state is surface dependent however further research 
into the shape of the catalyst is needed.  
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Figure 4-4. Surface Roughness analysis of the Al2O3 substrate. (a) A 3-D profile of a section of the substrate before growth. A cross-
section profile trace of the substrate, in X (b) and in Y (c) directions. The average root mean square (RMS) roughness value is 953 
± 10 nm.  
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Figure 4-5. Maximum achieved CNT length using different substrate and thermal barrier support layers using the parameters 
shown on the graph. (a) Al2O3 Substrate – 718 ± 65 µm (b) 300 nm SiO2 on Si substrate - 612 ± 44 µm (c) 250 nm Al2O3 on Si 
substrate - 512  ± 55 µm (d) 100 nm TiN on Si substrate - 473  ± 44 µm. All samples had a 10 nm Al support layer and a 3 nm Fe 
catalyst layer on top. Growth is performed on three different samples and for each sample, ten measurements are taken.  
 
Two Si substrate samples of 2.5 cm x 2.5 cm in size, one with a 300 nm SiO2 and one with a 100 
nm TiN thermal barrier layers were prepared, along with an Al2O3 substrate sample. All samples were 
deposited with a 10 nm layer of Al and a 3 nm Fe catalyst layer. For the annealing stage, 100 sccm 
hydrogen gas was used at 10 Torr pressure with 55% power; acetylene was introduced after 10 minutes 
with a flow of 25 sccm at 10 Torr, and the power was kept constant at 55%. Growth was performed for 60 
min (to investigate the effect of growth time), followed by a rapid cool down. All samples were placed 
inside the chamber simultaneously. Figure 4-6 (a) shows a temperature vs process time from two points 
of view; substrate temperature (Ts) and the catalyst (surface) temperature (Tc). Figure 4-6 (b) shows a 
typical structure of a Si substrate with TiN as the thermal barrier layer. Chen et al.247 suggested that 1-2 
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nm of an anchor layer of Al2O3 increased growth because of its high transmittance of IR light meaning the 
heat from the light is not absorbed by the layer allowing more optical heat for the catalyst activity. In this 
study, a separate Al2O3 layer was not deposited as during deposition; however, during the handling of the 
sample, it is possible that a very thin layer of alumina could have formed due to oxidation. A thermal 
gradient of ~ 350 oC measured (see Figure 4-6a), allowing a good growth temperature on the surface whilst 
keeping the substrate at lower CMOS compatible temperatures. The temperature of the protective quartz 
plate (as shown in Figure 4-2) was monitored for two reasons; firstly, the position of the gas inlet is very 
close to the quartz glass, therefore it gives an indication of what the temperature is when the acetylene 
is bled into the chamber. The decomposition of the acetylene gas (cracking temperature of acetylene is 
around 790 oC) is very crucial for the CNT growth; ideally, the acetylene gas should decompose close to 
the sample however if the temperature around the inlet is too high the acetylene will decompose 
(hydrocarbon cracking – rapid decomposition of the hydrocarbon) before reaching the catalyst front. 
Secondly, the system was run at high temperatures and pressures for long growth times, therefore the 
temperature of the quartz glass was tracked to operate the system within its limits.  
Figure 4-6b shows how the substrate and the catalyst temperatures are recorded. There was a 
small temperature difference between the different substrate samples; Al2O3 having the highest substrate 
surface temperature (778 oC) compared to SiO2 (762 oC) and TiN (751 oC)  samples. Even though the order 
matches the order of thermal conductivity values reported for these three materials in section 4.1.2, the 
difference is small. However, this small difference in the temperature gradient could have had an effect 
on the difference in the growth rate reported in Figure 4-5, nonetheless, more discussion and analysis are 
required. As a more general approach, increasing the temperature results in higher growth rates up to a 
certain value. Lee et al.133 used thermally grown SiO2 on Si substrate, acetylene gas and Fe catalyst for 
growth and showed that increasing the catalyst temperature from 750 oC to 950 oC increased the growth 
rate up to four times.  Xiong et al.119 showed similar results; as the temperature was increased from 780 
oC to 860 oC, the growth rate increased. They used SiO2 and MgO as support layers with Fe-Mo catalyst 
and carbon source as methane.  
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Figure 4-6. (a). Temperature vs process time.  Temperatures of the three stages of the CNT deposition process; annealing, growth 
and cooling down, were recorded simultaneously for SiO2, Al2O3 and TiN samples. Substrate temperature (Ts) was recorded via a 
pyrometer and the catalyst temperature (Tc) was recorded via a k-type thermocouple. Thermocouples were in contact with the 
sample surfaces. A thermal gradient of ~330 oC is observed allowing the catalyst temperature to be around 750 oC whilst substrate 
temperature remained at ~415 oC. Highest catalyst temperature achieved with the SiO2 sample (778 oC) followed by Al2O3 (762 oC) 
and then TiN (751 oC). Additionally, quartz glass temperature is also monitored to observe the temperature at which the gas is 
introduced into the chamber. (b) An illustration of a substrate sample structure and the positions of the pyrometer and the 
thermocouple.  
Up to this point; the effects and the limitations of the surface temperatures and the substrates 
are discussed. A growth recipe which includes: the growth temperature (optical heat power), process 
pressure, gas ratios, and flow rates are established, but the growth time usually kept under 30 min. Other 
PTCVD studies reported a linear relationship between the growth time and the CNT length 73,74 but did not 
investigate the growth times beyond 15 min.   
Table 4-3. The CVD parameters used to investigate the effect of growth time on the CNT length achieved. The same parameters 
are used for all the samples.  
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One of the key parameters for obtaining good lengths is growth time. A series of growth times 
were performed whilst keeping all the parameters constants for the same set of substrates described 
previously in section 4.2.3. Parameters used to investigate the effect of growth time are summarised in 
Table 4-3. To check the growth-process consistency, all samples were placed inside the CVD chamber at 
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the same time for each run. The CNT length was measured from tilted SEM pictures using image 
processing software ImageJ. Each growth run was performed 3 times and 20 independent length 
measurements were measured and averaged. The CNT lengths as a function of growth time are shown in 
Figure 4-7. To test and ensure the consistency of the PTCVD/growth conditions, for one set of samples the 
CVD growth is only performed once a day, in the mornings (Figure 4-7a) as the first run of the day. For the 
other set, the growth is performed sequentially during one single day (Figure 4-7b). This study is 
performed to optimise the CNT growth for the proposed applications since the lack of consistency in CNT 
growth results (e.g., CNT height, quality and density) continues to limit the knowledge transfer and 
commercialisation. For instance, it is known that the CNT growth can be altered significantly by small 
concentrations of water vapour91, and experiment-to-experiment variations in pressure or temperature 
within the reaction chamber. Oliver et al.250 showed that even when these parameters are controlled 
during synthesis, the variations in ambient lab conditions can overpower the attempts to perform 
parametric optimisation studies.  
 
 
Figure 4-7. CNT forest height achieved as a function of growth time for different substrate and barrier layer combinations, when 
the growth sequence is performed one run a day (a) and (b) when all the growth runs are performed within a day sequentially.  
Three types of substrates are prepared to investigate the effect of growth time; An Al2O3 substrate (red), A Si substrate with a 
thermally grown 300 nm SiO2 barrier layer (blue) and a Si substrate with 100 nm sputtered TiN layer. All samples have the 
interlayer (10 nm Al) and catalyst thickness (3 nm Fe). The growth time varied between 30 s and 60 min. Samples are placed inside 
the chamber simultaneously. For each growth stage, 10 min annealing under 100 sccm H2 at 10 Torr pressure with 55% power is 
performed. For growth; 100 sccm H2 20 sccm C2H2 10 Torr pressure and 55% power parameters are used. When the growth is 
performed one-growth-run-a-day, no decrease in the length is observed. However, when all the growth sequence is completed in 
a single day, after 30 min growth time, CNT lengths start to decrease significantly for all samples.  
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When the CNT growth was performed back to back, a decrease in the growth rate was observed. 
After 30 min growth time, CNT length started to drop considerably for all three substrates (Figure 4-7b). 
However, this was only observed when the growth runs were performed back to back in a sequence within 
a day. Given that the parameters set for the growth are constant and stable during the growth, the sharp 
decrease in the length suggested that the reaction goes into a reverse regime, where a significant change 
must occur in the catalyst such that the growth is reversed, even when the CNTs shrink down to lengths 
where the growth process was expected. These observations have been reported in the literature where 
a reversal mechanism caused by the chemical transformation of metal into metal carbide, and subsequent 
reverse decomposition during the synthesis of carbon filaments and nanotubes by catalytic thermal 
decomposition of hydrocarbons.251,252 Since each growth process is repeated 3 times, it is believed that 
the reversing effect is not a result of an experimental error such as a drop in the gas flow, contamination 
in the reaction chamber or temperature fluctuation. In order to investigate this reversing effect further, 
the growth was limited to one run a day (in the mornings - the first run of the day) to maintain the chamber 
conditions as identical as possible for each growth time. The results are shown in Figure 4-7a. When the 
growth is limited to one run a day no reversing effect was observed, suggesting that the reaction chamber 
conditions were not identical when the growth was performed sequentially in a day. In other words, the 
first run of the day in the morning and the final run in the late afternoon do not have the same chamber 
conditions. Initially, the CVD reactor is at room temperature, however, after the first run, even though 
enough time was allowed for the reactor chamber temperature to cool down room temperature, the 
conditions could still be different. Additionally, one-growth-a-day approach overall, yielded greater CNT 
length for a given CNT growth time when the deposition duration was longer than 2 minutes, compared 
to performing the growth sequentially within a single day. In this study, the deposition process is mostly 
limited to a single growth a day in order to have more consistency with the deposited CNT lengths.   
When growth was performed only “once a day” in the mornings (see Figure 4-7a), the CNT growth 
rate on Al2O3 substrate was greater than on Si substrate with different thermal barrier layers. Up to 400 
µm long CNTs were achieved in 10 min growth time when grown on Al2O3 substrates. Compared to Al2O3 
substrate, the longest CNTs were achieved at around 30 min growth time. It is noted here that the growth 
lengths achieved here are only relevant to the parameters given in Table 4-3. In other words, the 
parameters were not set to achieve the highest CNT lengths, but to explore the effect of growth time 
length on CNTs. The difference in the CNT length achieved with different substrates is not fully understood 
in the literature but it could be due to many reasons. First of all, the parameters chosen may not favour 
the best growth conditions for the Si substrate. Over 600 µm growth is achieved (Figure 4-5) for Si 
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substrates using other CVD parameters. Secondly, the catalyst temperature shown in Figure 4-6a is higher 
for Al2O3 compared to Si substrates. This difference in temperature could have increased the growth rate 
on Al2O3. Finally, as discussed in the previous section, more porous/rougher surfaces favour the CNT 
growth by increasing the permeability of hydrocarbon molecules resulting in a more efficient feed of the 
C stock to the growth process. This might have increased the growth for Al2O3 samples.  
 
Figure 4-8. Water-assisted SWCNT forest growth. CNT forest height as a function of time. The solid line indicates the curve fitting 
based on theoretical calculations which matches with the experimental data obtained. Inset photographs are the SWCNT forest 
on Si at various growth stages showing the CNT height. CNTs were grown using Fe catalyst.  Reproduced from Futuba et al. 253 
with permission.  
 
Additionally, the growth rate was almost linear up to 20 min growth time for all series of samples. 
Al2O3 substrate had 0.5 ± 0.02 µm/s growth rate, whereas 300 nm SiO2 thermally grown Si substrate’s 
growth rate was 0.4 ± 0.02 µm/s, slightly slower than 100 nm TiN deposited Si which had an average 
growth rate of 0.4 ± 0.02 µm/s. For growth times > 30 min, the growth rates decreased sharply for all the 
samples (which were placed in the CVD chamber simultaneously). When the growth deposition was 
carried on for more than 30 min, there was almost no increase in the CNT length. Figure 4-8 shows a 
similar CNT growth study (water-assisted) conducted by Iijima’s group.253 The samples used in these 
experiments were Al2O3 (10 nm)/Fe (1nm) on Si wafer with 600 nm SiO2 layer. CNTs were grown at 750 oC 
growth temperature with ethylene (C2H4) as the carbon source. The growth time evaluation of the forests’ 
height at a fixed growth condition showed that the growth rate was highest at the onset of growth and 
gradually decreased before 30 min, this was also supported by a theoretical model in which the catalyst 
was assumed to lose their activity in a similar fashion to radioactive decay. Similarly, Chen et al.254 
investigated the relationship between the growth rate and the lifetime in CNT synthesis (Al2O3 (10 nm)/Fe 
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(1nm) on Si wafer). Based on 330 CNT growth depositions (various carbon feedstocks, gas concentrations, 
and growth temperature combinations), it was concluded that there was an inverse relationship between 
the CNT growth rate and the catalyst lifetime regardless of CVD techniques and parameters and it was 
concluded that a fast growth with a long catalyst lifetime was fundamentally difficult to achieve. We 
observe similar results, as displayed in Figure 4-7a. The catalyst activity decreased over time resulting in 
inhibiting the growth. This is known as, catalyst poisoning, which is attributed to a progressive blocking of 
the active surface by excess amorphous carbon.128 Various parameters can cause catalyst poisoning. 
Hoffman et al.80 showed that different catalyst size and thickness result in catalyst poisoning at different 
times. They reported that smaller catalyst clusters with small active surface area poisoned quickly. Chen 
et al.254 showed that elevated growth temperature increased the growth rate, however, it reduced the 
catalyst lifetime. The growth method also plays an important role on delaying the poisoning of the 
catalyst; for instance, plasma used in PECVD method was found to be good at etching away the excessive 
amorphous carbon during growth which could extend the lifetime of the catalyst.80  
4.3 Raman Analysis of as-deposited CNT thin films 
 
The quality and electronic properties of as-grown MWCNTs were analysed by Raman 
spectroscopy. Here, the intensity ratios of D-band to G-band (ID/IG) and 2D-band (ID/I2D) were correlated 
to CNT length and the substrate type. In this study, band ratios are measured for each set of samples after 
growth to identify their quality. The sample was placed on glass slides and the area to be investigated was 
located using the 50x magnification lens. Raman spectra were measured by two excitation energies; Elaser 
of 1.58 eV and 2.41 eV in the range of 150 to 4000 cm-1 obtained using two laser powers of 4.25 mW and 
5 mW respectively. The low laser power was selected to minimise the damage to the CNTs.  
A typical Raman spectrum of as-grown CNTs on Si substrate with SiO2 thermal barrier layer at 421 
oC is shown in Figure 4-9. Initial observations of the full Raman spectrum suggest that the CNTs are of 
good quality. The first feature of the Raman spectra is the RBM range (Figure 4-9b). As discussed in section 
3.2.2 in Chapter 2, RBM peaks are only observed for single-wall and sometimes for double-wall nanotubes. 
The RBM range within the spectra indicates that the as-grown CNTs are a mixture of both single-wall and 
multi-wall nanotubes, however, the RBM signal is considerably weaker than other peaks which suggest 
that the CNTs are mostly multiwall. The next two peaks on the full spectrum are the disorder-induced D-
band and the graphitic G-band. The ratio of the D-band to the G-band intensities can be used to quantify 
the quality of CNTs.222  Here on an average, ID/IG ratio is calculated as 0.23 indicating that the CNTs have 
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low structural defects and low presence of amorphous carbon. Ferrari and Robertson 255 showed that the 
presence of amorphous carbon decreased the appearance of tall sharp peaks and considerably broadened 
the characteristic CNT Raman bands. In Figure 4-9 it can be seen that both D-band and the G-band width 
are very narrow.  
The most intense signal within the Raman spectrum is the G-band and it is the indication of a 
graphitic (crystalline) structure in CNTs. It is explained in section 3.2 that for SWCNTs, the G-band consists 
of two peaks: G- (transverse) and G+ (longitudinal) which are the directions of the vibrational phonons. Li 
et al. 230 demonstrated that in the case of CNTs having more than one wall (DWNTs or MWCNTs) the G 
band can split into many modes, in Figure 4-9 (c) this type of behaviour is observed. This indicates that 
the as-grown CNTs are mostly multi-walled mixed with small amounts of double-walled and single-walled 
nanotubes. 
The M-band appeared around 1750 cm-1 and is only present when there is bi-layer or few-layer 
graphene are present such as double-walled nanotubes or multi-wall nanotubes.233 This then indicates 
the presence of DWNTs and MWCNTs within the as-grown CNT forest even though the signal is weak in 
intensity. Additionally, ITOLA-band is also observed on the Raman spectra at around 1930 cm-1. This is a 
very weak signal in the longitudinal optical (iTO) and longitudinal acoustic (LA) branch and associated with 
surface vibrations of DWNTs and is dependent on the laser energy and the nanotube diameter.233 
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Figure 4-9. Raman spectrum acquired from as-grown CNT forest at 421 oC with 100 sccm H2, 10 sccm C2H2 at 10 Torr pressure 
using a 514 nm laser. (a) shows the full Raman spectra with all the key peaks labelled. (b) Detailed Lorentzian fitting of the region 
of the radial breathing mode (RBM) from which the type of CNTs was acquired using the Kataura Plot.256 (c) Detailed Lorentzian 
fitting of D-band and the G-band. The plot reveals the splitting of the G-band. Splitting occurs because of the directions of the 
vibrational modes of carbon atoms; either along the nanotube axis of the CNTs or along the circumferential direction.  
 
Finally, the second-order mode bands: 2D, G+D and 2G bands are located at around 2680 cm-1, 
2920 cm-1 and 3179 cm-1, respectively.  While the D-band originates from a double resonance process 
involving a phonon and a defect, in the 2D-band, instead of a defect, another phonon is responsible for 
the momentum conservation in the double-resonance process.233 Ferrari et al.257 demonstrated that the 
Raman spectra showed different spectral widths and relative intensities of G to 2D depending on the 
number of graphene layers reflecting the interlayer interaction between graphene layers. For example, in 
single layer graphene the 2D band is stronger than G band whereas, for bi-layer and multi-layer graphene, 
2D is broader and weaker than the G-band. In the case of the multi-layer, the 2D peak can split into a few 
peaks. In MWCNTs, the 2D band is related with the stacking order similar to graphite.255 Therefore, the 
intensity of the 2D peak could be related to the long range order (crystallinity) and the number of walls.258 
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Like the D-band, the D+G peak is considered a defect activated where a defect scattering site provides 
momentum conservation in the Raman scattering process. For example, D+G band can appear when CNTs 
are functionalised which covalently bonds the CNTs, introducing defects in the electronic structure.259  
 
Figure 4-10. Growth time vs ID/IG ratio for different substrate and barrier layer combinations discussed in the previous section. (a) 
shows the change in the ID/IG ratio with respect to growth time when the growth is performed once a day, in the mornings. (b) 
illustrates the change in the ID/IG ratio with respect to growth time when all the growth times are performed sequentially in a 
single day. The Raman signal is collected from the tip of the CNT forests, 5 spectra are collected from different locations of each 
substrate and Lorentzian peaks are fitted to calculate the intensity and the position of the D and G peaks; the ratios are then 
averaged and plotted with standard deviations. Both routes showed similar ID/IG ratios up to 2 min growth time with a slight 
decrease in the ratio, however, when the growth is performed sequentially in a single day the ID/IG ratios increased drastically as 
the growth time increased.  
Figure 4-10 shows the change in the ID/IG ratios of the as-grown CNT forests grown via the two 
routes described in Figure 4-7. The growth parameters are discussed in detail in section 4.2. For one set 
of samples, the growth is only performed once a day, in the mornings (Figure 4-10a) and then the Raman 
spectra were collected from each substrate/growth time combination. For each sample, five Raman 
spectra were collected from the tip of the CNT forest, from different locations. Then, the D and G bands 
are fitted with the Lorentzian function to locate the position and the intensity of each peak. The ID/IG ratios 
were then averaged and plotted with standard deviations. The average ID/IG ratios of this batch of samples 
were then compared with the ID/IG ratios of another set of samples which were deposited sequentially 
within a day.  
It is observed that the ID/IG ratios of the CNTs grown on Al2O3 substrates were higher in all the 
growth series than the Si substrates regardless of the deposition route performed. Given that all three 
types of substrates were placed in the chamber simultaneously, the growth rate appears to be linked to 
an increase in the degree of defectiveness of the grown CNT forests. When deposited via the once-a-day 
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strategy, the trend of the ID/IG curve could be divided into three regions (Figure 4-10a); initial high growth 
rate region (up to 3 min.), towards equilibrium (between 3 -30 min) and finally high ID/IG region (after 30 
min.) in which the CNT length does not increase. As described in Figure 4-7, the CNT growth rate was 
overall higher for Al2O3 substrate here as well. In addition to this, the high growth rate (in the first five min 
of growth) matches with the higher ID/IG ratio calculated. The initial increase and then decrease of the 
ID/IG ratio could be explained by the competition between the Vanta-Black property of CNTs, which 
increases the efficiency of the growth process as the length of the CNTs increase due to the ability of the 
CNTs absorbing almost all of the optical light thereby increasing the temperature. On the other hand, 
higher growth rates could also increase the defects introduced by the growth process. Helveg et al.139 
showed (see section 2.3.7) via HRTEM, how the catalyst moved in an elongation-contraction motion in tip 
growth mechanism of the CNT growth. It was concluded that the elongation-contraction mechanism 
resulted in defects by disordering the alignment of the nanotubes. When the number of 
elongation/contraction cycles per time increased, the CNT structure became more defective. This 
observed phenomenon could explain the higher ID/IG of CNTs grown on Al2O3 substrates since the higher 
growth rate could suggest more elongation/contraction cycles per deposition time compared to Si 
substrates.  
After a few minutes of growth time, the growth slows down for all substrates, resulting in a lower 
and more stable ID/IG ratios, indicating a less defective structure. Si substrates showed similar growth rates 
up to 30 min, identical to Al2O3, ID/IG ratios in this region are more stable. During the initial stages of the 
growth, the reaction chamber is not in equilibrium due to increased and unstable temperature (see Figure 
4-6a). This is caused by the sudden decomposition of the feedstock gas, an increase in the free carbon 
atoms in the reaction, especially in the first few minutes of the growth stage. When the growth was 
performed via the once a day approach, after 3 min, the ID/IG ratios become more stable for all substrates, 
up to 30 min of growth time (Figure 4-10a). As discussed in section 4.2.3, increasing the growth time 
beyond 30 min did not increase the CNT length further. It is observed that after 30 min the ID/IG ratios 
increased sharply, suggesting that either the decomposed feedstock gas is deposited on the top layer for 
the CNT forest as amorphous carbon resulting in poisoning of the catalyst and/or CNTs have become more 
defective due to inactive catalyst.255,260   
When all the growth runs were performed in sequence within a day, the ID/IG ratios were higher 
compared to once a day growth approach regardless of the substrate. It is observed that with the 
increasing number of depositions, the ID/IG ratios increased suggesting more defective CNTs were grown 
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as the number of growth runs were increased. CNTs deposited on the Al2O3 substrate showed higher ID/IG 
ratios compared to Si substrates.  
The shorter CNT length achieved combined with the higher ID/IG ratios observed when the growth 
was performed sequentially in a day is considered as an experimental limitation. Therefore, for this 
project, the CNT deposition is limited to one growth a day in order to have consistent and repeatable CNT 
deposition step.  
To conclude, in this section the PTCVD parameters are optimised to achieve metallic CNT lengths 
above 500 µm on both insulating and ohmic substrates with good quality (ID/IG < 0.5). This was achieved 
under high process pressures (up to 10 Tor) combined with high gas flow rate ratios ( H2 > 100 sccm, C2H2 
> 20 sccm). Additionally, growing CNTs for longer than 30 mins did not yield longer CNTs, likely due to 
catalyst poisoning/inactivity possibly because of the formation of amorphous carbon as a result of 
overheating. Additionally, it is observed that performing multiple deposition runs in a single day resulted 
in inconsistent CNT growth rates as well as higher ID/IG ratios compared to limiting the number of 
depositions to one growth a day. This is attributed to the reactor chamber conditions not being identical 
when a number of growth runs are sequenced in a day. However, a full analysis of this is required as future 
work to understand it in more detail.  
 
4.4 Functionalisation of as-deposited CNTs  
 
In this project, functionalisation is considered in order to increase the wetting of CNTs and to 
remove amorphous carbon from the CNT forests.   
CNTs are known to be inert and only interact via Van der Waals bonds.71 Functionalisation of the 
as-deposited CNTs is a well-practised method to remove the presence of amorphous carbon as well as 
prevent entanglements which is important when CNTs are used to manufacture nanocomposite materials 
due to only interacting via Van der Waals bonds.  Additionally, CNTs exhibit extremely large aspect ratios, 
which results in large surface areas, especially when CNTs are aligned which exposes the complete area 
of the CNTs. This becomes important for sensing applications.259  Some of the most common 
functionalisation methods are oxygen plasma and wet chemical oxidation. The purpose is to chemically 
treat the CNTs to attach polar groups to the CNT outer shells; these allow the formation of different types 
of bonds, thus making the CNT surface more chemically reactive. Wet chemical functionalisation is a 
4.4. Functionalisation of as-deposited CNTs 
110 
 
common process for purification62 and for surface activation of both single-wall and multi-wall CNTs. 
Typically, acids such as sulfuric acid (H2SO4), nitric acid (HNO3) or hydrochloric acid (HCl) are used to 
remove amorphous carbon and catalyst residue and to introduce carbonyl, carboxylic and hydroxyl 
groups, which contain oxygen. However, when CNTs are treated with strong acids in high concentrations, 
they can also oxidise the CNTs and introduce more amorphous carbon.62 Additionally, the acid 
functionalisation method requires specific conditions, such as aqueous environments, elevated 
processing and drying temperatures, which would result in losing the vertical alignment, hence they are 
typically used for functionalisation of randomly aligned CNTs. Since CNT alignment plays a key role in both 
electomechanical micro-probing and directionally-aligned CNT-elastomer strain sensor applications, wet 
etching was not considered as a functionalisation method.  
Oxygen plasma functionalisation is the other method that is used for CNT purification and surface 
activation261 to make the surface more reactive, where the oxygen plasma leads to the addition of 
hydroxyl, carbonyl, and carboxyl groups. The parameters that control the number of attached groups are 
the RF power, oxygen flow rate, pressure, and the treatment duration. High power and/or higher gas flow 
rate generates more charged ions in the plasma resulting in CNT bundles coalescing. The surface energy 
of the CNTs is increased by the introduction of the defects by the plasma. In literature, it has been 
demonstrated that the higher the power/gas flow rate, the higher the degree of coalescence that is 
introduced resulting in larger bundles of CNT forests.241,261   
4.4.1 Experiment Details  
 
An Emitech K1050X plasma asher was used for the oxygen functionalisation of CNT forests. The 
system has full power of 100W (RF of 13.56 MHz) with the options of oxygen and argon as the plasma 
gases. Samples were placed in the chamber before it was pumped down to base pressures of roughly 0.10 
Torr. 15 sccm of O2 was bled into the chamber with a constant flow for one minute before the process 
was started. The power was set to 50W and the treatment time varied between 10-180 seconds. Samples 
were then characterised using SEM and Raman spectroscopy. The CNTs used in this study were PTCVD 
grown on Si (2 cm x 2 cm) with an average CNT length of ~500 µm with an initial ID/IG ratio of 0.36 ± 0.05.  
4.4.2 The Effect of Oxygen Plasma Treatment on the Surface of a CNT Film 
 
Figure 4-11 shows the SEM images of the CNT forest after the oxygen plasma treatment for 
different durations of treatment time. RF power was kept constant at 50W. It was observed that even 
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after 10 s of exposure to the oxygen plasma, the surface of the CNT film changed drastically. The plasma 
consists of typically highly energetic ions which collide with the carbon atoms on the outer wall of the 
CNTs, introducing defects to the structure. Therefore, increasing the length of exposure of the CNTs to 
the plasma should result in an intensification of the defective areas on the CNT film surface. This was 
observed when the treatment duration was increased from 10 s to 40 s, as shown in Figure 4-11c-d; 
however, even after 10 s of plasma treatment, the effects could be seen on the surface of CNT forest film 
as the formation of circular pits (see Figure 4-11a-b). When the sample was treated for 90 s, an array of 
bundles started to form (see Figure 4-11e-f). The brighter stop appeared on each bundle in the SEM 
images, for example in Figure 4-11f could be a cluster of the Fe catalyst, however further analysis is 
required to confirm this. Increasing the treatment time to 150 s resulted in highly distinct and much larger 
bundles (Figure 4-11g) held together at the tip. Also, it is observed that the CNTs were slowly removed 
from the periphery of the CNT forest film (see Figure 4-11h) leaving only sections of CNT forests in the 
film in the middle of the substrate. The samples were then characterised using Raman spectroscopy to 
quantify how defective they became after the treatment.  
As discussed in detail in section 4.3, the G band is attributed to the in-plane vibrations from E2g 
modes associated with the crystallinity of a tube and the D band to out-of-plane vibrations from A1g modes 
and observed in the presence of structural defects.262  The 2D band is the second order of the D band and 
is referred to as its overtone. It originates from a two-phonon lattice vibrational process, but unlike the D 
band, it is not activated by structural defects. In pristine single-layer graphene, the 2D band is very 
pronounced with the largest intensity in a typical spectrum.257 In multi-layer graphene, the 2D band 
broadens and splits into four peaks with a decrease in the intensity. For MWCNTs, the interpretation of 
the 2D band is not fully understood. However, it is widely considered that the intensity of the 2D band 
decreases when the band structure is damaged by the introduction of defects and hence 
amorphization.263,264 Therefore investigating the ratios of the intensities of ID/IG and ID/I2D with respect to 
oxygen exposure time could help understand how much of the crystallinity is lost by introduced defects 
due to plasma.  
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Figure 4-11. Oxygen plasma functionalisation of as-grown CNTs forest on Si wafer. SEM images of the CNT film after exposure to 
oxygen plasma (a) for 10 s at 50W power, (b) a zoomed-in image of the formed CNT bundle due to treatment (c) 40 s at 50W 
power showing the increase in the number of pits formed on the film. (d) enlargement of the area of the pits. (e) 90 s oxygen 
plasma treatment showing the morphology of the CNT film as small bundles of CNT forests. (f) a zoomed-in image of (e). (g) 150 
s oxygen plasma treatment, the boundaries of the CNT bundles became larger and more defined. (h) An image from the periphery 
of the sample after 150 s oxygen plasma treatment.  
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4.4.3 Investigating the Effect of Oxygen Plasma Functionalisation on the CNT Quality via Raman 
Spectroscopy  
 
From Figure 4-12a, it can be seen that the intensity of the D band increased sharply even after 15 s 
of oxygen plasma treatment. Additionally, the 2D peak also decreased with increasing exposure time 
indicating an increase in the structural defects. The intensity ratios of ID/IG and ID/I2D are shown in Figure 
4-12 b and c respectively. As introduced in the previous section the ratio of ID/IG increases with increasing 
structural defects (less crystalline tube ) and in the presence of amorphous carbon.265 ID/IG ratio jumped 
from 0.36 ± 0.05 to 0.81 ± 0.04 after 15 s exposure time before the increase became more linear, up to 
100 s exposure duration. After 180 s of plasma treatment, the majority of the CNT film was removed from 
the substrate and the remaining CNTs were very defective (ID/IG ratio of 2.43 ± 0.14). Similarly, ID/I2D ratio 
also increased with increasing exposure time, another indication of plasma affecting the long-range order 
of the CNT forest. The gradual increases of the ID/IG and ID/I2D ratios are consistent with the previous CNT 
functionalisation work.240,263,264 The ID/I2D ratio data of the sample plasma treated for 180 s was not 
included in Figure 4-12c since the 2D band intensity was too weak to measure. It is noted here that the 
Emitech K1050X takes approximately 5s to stabilise the RF power. For example, a programmed 50W 
power shoots up to 70-75W for a couple of seconds and then settle back to 50W and stays constant from 
that point on. This might explain the rapid increase in the intensity of the D peak after only 15 s oxygen 
plasma exposure. Using powers above 50W, the plasma can damage the CNTs very quickly as 
demonstrated by Gopee et al.241 Even when lower RF powers were programmed into the asher, the initial 
spikes were still observed, limiting the control of the functionalisation process.  
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Figure 4-12. (a) Raman spectra of the CNT forest film exposed to oxygen plasma for exposure times varying from 10 s to 180 s. 
The power is constant at 50 W with a constant 15 sccm O2 gas flow rate. (b) ID/IG intensity ratio as a function of plasma exposure 
time up to 180s. (c) ID/I2D intensity ratio as a function of plasma exposure time up to 100 s. Three Raman spectra were collected 
for each exposure time and then Lorentzian functions were fitted to each characteristic band to calculate the FWHM before 
averaging them. Raman signal was collected from the centre of the Si substrate for each of the exposure time investigated.  
 
It is widely reported that the presence of defects in the crystal structure decreases the phonon 
lifetime, which in return broadens the Raman peaks.266 The broadening of D, G and 2D bands are a sign of 
a decrease in the crystallinity.267 Additionally, the presence of amorphous carbon widens these peaks.255 
Therefore, we can infer the effect of the treatment on the quality of the CNTs by looking at the full width 
4. Carbon Nanotube Synthesis via Photo-Thermal CVD 
115 
 
at half maximum (FWHM) of each characteristic peak. Figure 4-13 shows the FWHM of the D, G and 2D 
bands as a function of exposure time. In general, the FWHM of all three peaks increased with increasing 
exposure time indicating that the CNTs became more defective after the treatment. The FWHM of the D 
peak after 100 s oxygen plasma treatment showed lower values than the rest of the exposure times even 
though the difference is small; however, the standard deviation was much larger compared to the rest 
(Figure 4-13a).  
 
Figure 4-13. FWHM of characteristics Raman bands of the oxygen plasma-treated CNT film as a function of exposure time. (a) D 
band, (b) G band, (c) 2D band. Three Raman spectra were collected for each exposure time and then Lorentzian functions were 
fitted to each characteristic band to calculate the FWHM before averaging them. Raman signal was collected from the centre of 
the Si substrate for each of the exposure time investigated.  
 
Due to the structural damage that the oxygen plasma treatment causes to the CNT forest (Figure 
4-12 and Figure 4-13) and the concerns with the morphology of the surface after the treatment (the 
formation of pits on the CNT film surface due to the oxygen plasma burning off some sections of the CNT 
film as well as the bundling effect caused by coalescence, as shown in Figure 4-11) functionalisation of the 
CNTs was not included as a treatment step. In the case of CNT-based micro-contacts (Chapter 4), the 
contact area width varied between 50-400 µm and since the pits/bundles caused by the functionalisation 
can have diameters over 10 µm even after a mild treatment; this would affect the working contact area 
drastically, as well as interfering with the CNT alignment. Therefore, it was concluded that a trade-off 
between either the CNTs having possibly better wetting properties (due to plasma functionalisation 
treatment or the overall good CNT quality and uniform surface morphology (as-deposited, without the 
functionalisation) was not pursued.  
For future work, UV-ozone treatment of the CNT forest could be considered as an alternative to 
the oxygen plasma treatment since it can offer surface treatment using oxygen radicals without plasma 
discharge preventing the charging damage caused by oxygen ion bombardment.  
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4.5 Conclusion 
 
This chapter has explored how to achieve extra-long CNT lengths (> 300 µm) via the PT-CVD 
method on different substrates and support layer combinations.  
• CNTs were grown at low pressures (2 Torr), but this did not yield CNT lengths above 20 µm; 
increasing the process pressure up to 10 Torr with high C2H2/H2 ratios, resulted in CNT lengths 
above 400 µm for all the substrates tested. The longest CNT length achieved was ~780 µm on 
Al2O3 substrate, for a 30 min growth time. Then, the effect of the growth time and the linearity of 
the CNT length with respect to growth time were investigated by performing CNT depositions up 
to 60 min. It was observed that after 15 min growth time, the CNT growth slowed down drastically 
and after 30 min, the CNT length did not increase any further, most likely due to the reduced 
activity of the catalyst. In addition, performing a series of back-to-back CNT growth runs within a 
24h period yielded different growth results than performing the depositions once a day in the 
morning, whilst keeping all the remaining parameters identical.  
• A growth reversal effect was observed when the CNT growth was performed via the back-to-back 
run strategy. When the growth time was increased beyond 30 min, the CNT length decreased 
indicating that the growth mechanism was reversed. However, this was not observed when the 
growth was performed only once a day. This was attributed to the chamber conditions such as 
initial chamber temperature, presence of water vapour, or variations of the process pressure, not 
being identical when back-to-back growth run strategy was used, hindering the optimum growth 
conditions to achieve extra-long CNTs.  
• Raman spectra of the samples were obtained from which the Raman characteristic band intensity 
ratios were analysed as a function of growth time. Regardless of the substrate-support layer 
combinations, the Raman ID/IG ratio first decreased when the growth time was kept under 3 min. 
Beyond that, the ratio gradually increased, indicating that more defects were introduced in the 
crystalline structure of the as-grown CNTs as well as introducing a building up of amorphous 
carbon layer. Back-to-back growth strategy resulted in an even higher ID/IG ratio compared to 
performing one-growth-a-day approach. Nevertheless, the high increase in the ID/IG ratio in both 
approaches did not justify the short CNT length gained after 20-30 min growth time, hence it was 
concluded that the maximum growth time should be limited to 30 min.  
• The oxygen plasma functionalisation method was investigated as a potential pre-treatment 
process to increase the wetting properties of the CNTs. It is observed that exposing CNTs to an 
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oxygen plasma even for a few seconds can result in drastic changes to both the appearance of the 
CNT film and the structure of CNTs. After exposure to the oxygen plasma, CNTs were observed to 
form bundles due to coalescence, resulting in large, pit-like features on the film surface, 
compromising a uniform continuous CNT surface for any potential metallisation step discussed in 
the following chapter. Raman spectra of the CNT forests grown on the Si substrate were obtained 
from which the Raman characteristic band intensity ratios and FWHM were analysed as a function 
of plasma exposure time. After exposure to the oxygen plasma (with the experimental parameters 
disclosed in the previous section), the ID/IG ratio doubled from 0.38 ± 0.02 to 0.81 ± 0.04 and the 
FWHM values increased for all the characteristic D, G, and 2D bands, signifying the introduction 
of defects to the CNT crystal structure. These results were in agreement with the literature.  
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5  CNT-Metal Hybrid Electromechanical Micro-contacts 
 
In this chapter, the fabrication and the electromechanical characterisation of CNT-based metallised 
micro contactors are described.  Firstly, the fabrication of the patterned CNT columns is demonstrated. 
The ability to deposit CNTs into desired shapes is very important for potential applications such as 
electromechanical micro-contactors. After the arrays of CNT structures are formed on ohmic substrates, 
they are metallised using Pd and Au; the metallisation thickness and the morphology of the metal coatings 
are investigated. Secondly, the long-term electromechanical performance of the CNT-metal micro-
contactors is evaluated by cyclic endurance testing.   
Fabricated CNT based micro-contacts are first characterised by SEM, Raman spectroscopy, AFM, 
STEM, and FIB to establish properties that are used to explain the electromechanical behaviour. For 
example; AFM and STEM were used to calculate the CNT areal density (in section 5.2.3), which was then 
used to calculate a CNT network resistivity value, once the electrical contact resistance was measured. 
Electromechanical testing is designed to investigate the performance of the CNT micro-contacts under 
cyclic loading (touchdown performance – stability of the contacts based on the type of metallisation layer 
discussed in section 2.4), increasing loading (to establish the mechanical compliance and electrical contact 
resistance limits) and under constant loading (to test the charge carrying capabilities). The failure 
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mechanisms are identified for different metal coating morphologies and strategies to improve the 
electromechanical performance of the CNT-based micro-contacts.  
Sections of this chapter are published here.174  Some text and the figures are reproduced with 
permission. 
5.1 Introduction 
 
The application of electromechanical probes for semiconductor packaging testing requires smaller 
pitches, reliable and reproducible manufacturing, and lower electrical contact resistances. Current 
electromechanical testing probes, for instance microelectromechanical (MEMS)-based vertical cantilever 
probes, have fundamental drawbacks in terms of the shortest pitch that can be achieved, without 
compromising repeatability, elastic properties, cost, and efficiency. However, there is still a commercial 
need to reduce the pitch of electromechanical probes for testing complex semiconductor structures at 
wafer level packaging.  
Certain electrical and mechanical properties of vertically-aligned carbon nanotubes (VACNTs), such 
as ballistic electron transport at the micron scale2, very high current-carrying capacities6, high elastic 
modulus165, and excellent mechanical resilience268 can be the solution for a new generation of electrical 
components, ranging from vertical probing structures to electromagnetic interconnects.  A typical probe 
structure, whether it is a cantilever269, vertical micro-spring270 or  MEMS type271, is required to be towards 
millimetric scale in length and to be assembled in to probe cards or insulators as interposer arrays, whilst 
providing low contact resistances (<100 mΩ), with good over-travel (up to 50 µm).272,273 Therefore, high-
yield, extra-long (>300 µm) and high-quality VACNT forests are needed. However, for a probe cross-
sectional area of 200 x 200 µm, up to  107 individual CNTs can be grown within, which could result in a 0.6 
mΩ contact resistance when pure ballistic conduction and perfect metal-CNT contact are achieved 
(assuming each MWCNT pose a quantum conductance of 6.45(kΩ)-1.51 Here we assume that only the 
outermost shell of the MWCNT channel makes contact with the metal, however as described in section 
2.2.2, if more than one shell of a MWCNT can be contacted with the metal, this theoretical value will 
reduce further by 2 per channel. The challenge is to connect all these CNTs at the same time to the tested 
contact and achieve a low contact resistance. In literature, most research studies have focused more on 
obtaining composite structures9 by means of dispersing CNTs in an insulating, elastic polymeric matrix, to 
form conductive nanocomposites for use as sensors and actuators. However, in this process, the CNTs are 
randomly aligned and the conductivity relies on low CNT to CNT contact resistance (it is typically 100 – 
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1000 times higher than the resistance of an individual CNT274), restricting potential applications, whilst 
alignment together with good dispersion within the matrix are challenging parameters to control.169,275–
277 Utilization of VACNT-based structures as electrically-conductive, compliant electrical connections have 
been investigated by a number of studies.8,12,240,278 Yunus et al.12 demonstrated the relationship between 
contact resistance and contact force on Au-coated CNT forest surfaces, under ultra-low force conditions 
(<1mN), and reported contact resistances below 1Ω. However, in this study, the CNT lengths were below 
40µm and the applied forces were too low for any potential probing applications (<1mN). Yaglioglu et al.8 
showed that Au-metallised CNT-based probe structures can achieve good compliances (as described in 
the semiconductor testing industry the elastic tolerance range over which the contact can be deformed 
without mechanical damage or contact resistance variation) of up to 10 µm under cyclic loading, with 
contact resistances as low as 1.5 Ω (approximately one order of magnitude higher than industry 
requirements) at 50 µm over-travel. A further decrease in the contact resistance was achieved by using a 
thicker metal coating, however, this came at the expense of reduced compliance.8 Additionally, these CNT 
structures were grown on insulating diffusion barrier layers, such as SiO2 or Al2O3, which prevents the 
formation of ohmic contacts between the CNT forest and the substrate. Therefore a transfer process is 
required; however, this results in lower yields and layout restrictions.240,279 Ultimately the potential 
benefit of integrating VACNTs in electromechanical micro-probing applications relies on understanding 
their electrical contact repeatability and mechanical stability.  
In this chapter, a design and an architecture with a scalable approach is described, allowing for the 
assembly of thousands of micro-contacts simultaneously, fabricated directly on electrically conductive 
substrates in short manufacturing times, with easy and precise pitch control. These contacts could 
facilitate testing Si at wafer level where compliant, small pitch (< 200 µm), low contact resistant, high 
aspect ratio probe structures are required. 
 
5.2 Materials and Methods  
  
In this section, the details of the fabrication steps of the arrays of CNT columns via PTCVD system 
and their Raman analysis to quantify the quality of the CNTs are disclosed. Moreover, the CNT areal 
density calculations are explained in detail. Lastly, how the electromechanical characterisation of the CNT 
micro-contacts was conducted is described.    
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5.2.1 CNT Patterned Column Structure Synthesis 
 
5.2.1.1 Photolithography 
 
Photolithography was the technique to employ to pattern the catalyst to fabricate CNT columns. 
The design of the photomask used in this study is shown in Figure 5-1. It was designed at the National 
Physical Laboratory (NPL)241 using L-Edit software and manufactured by Compugraphics Ltd. It consists of 
96 arrays divided into 4 different pitches of arrays of different cross-sectional areas. There were 4 different 
pitches of arrays of squares; 2304 squares of 50 µm x 50 µm with 50 µm pitch, 625 squares of 100 µm x 
100 µm with 100 µm pitch, 144 squares of 200 µm x 200 µm with 200 µm pitch, 36 squares of 400 µm x 
400 µm with 400 µm pitch.  100 - 400 µm squares were used in this study, 50 µm pitch arrays were not 
investigated due to the limitations of the electromechanical testing rig, discussed in section 3.4.2 in 
Chapter 3.  
 
Figure 5-1. Photomask design used for this project. There are 4 main arrays of squares of different sizes. (a) 2304 squares of 50 
µm x 50 µm with 50 µm pitch, (b) 625 squares of 100 µm x 100 µm with 100 µm pitch, (c) 144 squares of 200 µm x 200 µm with 
200 µm pitch, (d) 36 squares of 400 µm x 400 µm with 400 µm pitch. Reproduced from Gopee et al.241. 
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Photolithography is a well-known process, which allows the transfer of the pattern of a 
photomask to the substrate. It is extensively used to form electrodes and metal contacts with micron 
resolution. An overview of a positive photolithography process is illustrated in Figure 5-2. In this study, a 
bi-layer photolithography process is used to prevent under-cuts and obtain well-defined, desired features. 
Before lithography, samples were cleaned following the cleaning procedure outlined in section 4.1.1 and 
then an adhesion promoter, hexamethyldisilazane (HMDS), was spin coated at 3500 rpm for 15 s. This 
works by bonding its Si atom to oxygen atoms on the oxidised substrate accompanied by the release of 
ammonia (NH3). The methyl groups of the HMDS fragment thereby form a hydrophilic surface and thus 
improve resist wetting and adhesion.280 First, SF6 (MicroChemTM) photoresist is applied at 3500 rpm for 
45 s (film thickness ~ 0.3 µm), followed by a soft bake at 150 oC for 5 min and left for cool down for 5 min. 
A second photoresist, S1805 (MicroPositTM) then was spin-coated at 3500 rpm for 45 s (film thickness ~ 
1.2 µm) and then baked at 120 oC for 2 min. After the sample was allowed to cool down, it was exposed 
to ultra-violet (UV) light for 6.2 seconds at 7 mW cm-2 using an MA1006 mask aligner. Photoresists consist 
of a resin, a photoactive compound and a solvent. UV light photo-activates this compound and increases 
its alkaline solubility drastically. Therefore, the parts that are exposed to the UV light become significantly 
soluble in alkaline solution (developer). After the exposure, samples were developed. Developing time 
varies between 20-45 s depending on the humidity levels. After desired patterns were developed, the 
sample was metallised to deposit the catalyst using an e-beam evaporator. The details of interlayer and 
catalyst layers are disclosed in section  4.1.2. As a final step, a lift-off step was performed to strip the 
photoresist completely. The result is a patterned metallic (catalyst) on the substrate which mimics the 
transparent area of the photomask used for the exposure.  
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Figure 5-2. Positive type photolithography steps to pattern the catalyst. A photomask is used to copy the pattern from the mask 
to the substrate by using UV light sensitive photoresist. After the desired pattern is obtained, the catalyst is evaporated followed 
by a lift-off which strips the photoresist leaving only the catalyst behind. 
5.2.2 CVD Growth of the Patterned CNT Column Structures 
 
In order for the as-grown CNTs on Si to be considered for contacting technology, high structural 
quality VACNTs are required to be deposited at low process temperatures (below <450 oC), under CMOS 
compatible conditions.55,123 The main deposition method for VACNTs has been catalytic chemical vapour 
deposition (CCVD): a thin film catalyst is partially melted to form nano-islands, acting as seeds for the CNTs 
to nucleate and grow vertically, without the need for applying an electric field. The tip growth mechanism 
leads to the formation of CNT forests, with good vertical alignment (the details of the CNT growth process 
and the CNT growth mechanism are described in section 2.3). However, the elevated process 
temperatures limit the choice of substrate, particularly when several thin substrate layers, with different 
thermal expansion coefficients, are required.73,248 Si requires a diffusion barrier layer between the catalyst 
and the substrate to prevent silicide formation 141,281, and any flexible, plastic substrate cannot withstand 
the severe conditions, leaving mostly Si with insulating layers or ceramic materials as the choice of a 
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substrate. A number of groups have demonstrated CNT growth on conducting layers at lower growth 
temperatures, however, the CNT quality, length ( > 300 µm) and the growth rates (<200 nm/s) achieved 
are not always feasible for potential probing application.54,282–284  
 
Figure 5-3. (a) An example of an array of as-grown CNT pillar structures with 100 µm pitch and 100 µm x 100 µm cross-sectional 
area. Average CNT length achieved is ~ 500 µm. Due to the high aspect ratio of the pillar structures, some of them tend to lean in 
a random direction. (b) a close up of an individual probe, showing a few groups of CNT forest detached from the substrate however 
still attached to the column structure. The relaxed buckled CNTs hanging above the pillar suggest that the as-grown CNT pillars 
have residual stresses of which can help provide compliance. (c) A zoomed-in image of a pillar showing the vertical alignment of 
the CNTs.  
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A 100 nm thick layer of TiN is sputtered onto a full wafer, followed by e-beam evaporation of an 
8 nm thick Al layer and then a 3 nm thick Fe layer. A schematic of a typical substrate structure is shown in 
Figure 4-6b. TiN is employed as the ohmic contact layer which also acts as thermal and diffusion barrier 
layers during annealing and growth in PTCVD. 73,74,248 Al is deposited as a co-catalyst layer to prevent the 
catalyst from coalescence, increasing the CNT areal density and reducing the CNT diameter.143 The C2H2 
/H2 gas ratio is maintained at 20 % (25 sccm C2H2: 100 sccm H2) at 10 Torr during the growth stage. The 
catalyst annealing time varied between 5-15 min and growth was performed for 15 min. The growth rates 
achieved are above 500 nm/s which is important for this method to be considered for the industry.  
Figure 5-3a displays a 100 µm pitch array of as-deposited CNT pillars. Each pillar has a 100 µm x 
100 µm cross-sectional area with CNT lengths of approximately 500 µm. Here it should be noted that due 
to the very high aspect ratio of the pillars, sometimes pillars tend to lean over towards a random direction 
showing misalignment. This is not always observed as shown in Figure 5-14. Therefore, this could indicate 
some reproducibility errors, possibly due to the CNT areal density and height (this is discussed in more 
detail in 5.3.7) or to the particular condition of the catalyst, leading to non-uniform growth rates across 
one pillar. Additionally, during sample handling and characterisation steps, it is easy to damage the 
structures. Figure 5-3b shows an individual CNT pillar with a group of CNTs hanging over the edge of the 
pillar in a spiral geometry. This observation could indicate that the vertically-aligned CNT forests have 
some internal residual stresses after growth; in other words, the CNT forest wishes to go back to a relaxed 
state towards the substrate. This could be advantageous for electromechanical probing applications under 
compressive stresses by providing extra mechanical compliance combined with the CNTs well-known, 
good elastic properties.17 Finally, as-deposited CNTs have good individual vertical alignment as seen in 
Figure 5-3c, yet, the challenge here is to contact all the CNTs per probe cross-section area at the same 
time to reduce the contact resistances to the lowest value possible, as discussed in the following section.  
 
5.2.3 CNT Diameter and Density Calculations 
 
CNT density directly affects both mechanical and electrical properties. Given that the CNT areal 
density can vary from 106 to 1012 / cm2 depending on many factors, it could be used as an engineering tool 
to design what is required for a specific application. For example, increasing the CNT areal density of a 
CNT micro-contact should reduce the overall network resistivity of the contact. 
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Figure 5-4.  (a-c) Atomic force microscopy (AFM) images of the catalyst annealed at around 350 oC at 10 Torr under 100 sccm H2 
for c) 5 min, d) 10 min and e) 15 min respectively. It is observed that as the annealing time increased the catalyst nano-island 
particle size increased. This directly affects the as-grown CNT diameter size. (d-g) The Gaussian fitted diameter distribution of the 
Fe catalyst nanoparticles annealed for d) 5 min, e) 10 min and f) 15 min respectively. g)Mean diameter, standard deviation, and 
full width at half maximum (FWHM) of Gaussian curves as a function of catalyst annealing time.  
 
The catalyst nanoparticle size distribution is studied using an NT-MDT Solver NEXT atomic force 
microscope (AFM) equipped with Smena2 and S7 scanners (92.1 x 92.1 µm and 5 x 5 µm maximum 
scanning area, respectively). All measurements are conducted at ambient conditions using a high-
resolution NSG01 Si cantilever in tapping mode. The amplitude set-point is kept high (0.7 nA) to achieve 
a “light” tapping mode with a 0.25 Hz scanning frequency to increase the resolution. To calculate the 
catalyst nanoparticle size, both the trace and the retrace signals are used. A minimum of three separate 
scans is recorded for each annealing temperature condition. The AFM data is analysed with SPM software 
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Gwyddion v2.51. The average nanoparticle diameters are calculated using the image analysis software 
ImageJ 2.0 with a bandpass filter to increase the accuracy of particle size measurements. 
 
Figure 5-5. CNT diameter and the number of walls measured using STEM for a 5 min anneal and 15 min growth sample. (a) Average 
CNT diameter distribution (b) the average number of CNT walls showing that most of the CNTs deposited are multi-wall with an 
average 4-5 walls per CNT. (c) and (d) typical STEM images of the CNTs showing the average diameter and multi-wall nature.  
 
The CNT diameter is estimated by calculating the annealed catalyst diameter via AFM (Figure 5-4) 
and sampling the as-grown scanning transmission electron microscopy (STEM) data (Figure 5-5a). The 
average calculated annealed catalyst diameters are 6 ± 3 (Figure 5-4a and d), 8 ± 3 (Figure 5-4b and e) and 
11 ± 4 (Figure 5-4c and f) for 5, 10 and 15 min annealed samples respectively. Finally, the average 
diameter, standard deviation and the full width at half maximum (FWHM) as a function of annealing time 
are summarized in Figure 5-4g. FWHM is important for catalyst nanoisland diameter calculations to 
quantify the scatter of diameters around the mean particle diameter. The FWHM of the corresponding 
annealing time determines how much the catalyst diameter deviates from the average, where a large 
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FWHM attributed to larger errors with catalyst nanoisland diameter calculations. The calculated FTWHMs 
are 7.6, 9.4, and 11.4nm for 5, 10 and 15 min annealed catalysts, respectively. Hofmann et al.80 and other 
studies285 previously reported that smaller diameter catalyst islands result in the deposition of smaller 
diameter CNTs. Effect of catalyst thickness has been studied extensively in the literature and reported 
that it directly affects the CNT properties and the diameter. Hoffman et al. 80 showed that decreasing the 
catalyst thickness (Fe/Co) below 3 nm decreased the CNT diameter from over 40 nm to around 5 nm and 
allowed faster growth however also lead to faster catalyst poisoning. Similarly, Carey et al. 149 investigated 
the effect of Ni thin film thickness on the diameter of nanosize islands at elevated temperatures. They 
reported that a thin film of 3nm, 5nm and 8 nm Ni annealed at 400 oC for 30 min had mean nano-island 
diameters of 67 nm, 89nm and 114 nm respectively. Therefore, in this study, the catalyst thickness is kept 
constant and 5 min annealing is performed prior to the CNT growth to increase the CNT areal density. The 
average number of CNT walls is determined by sampling the STEM data as shown in Figure 5-5b-d and 
estimated as four.  
An area density of CNTs is calculated for a 5 cm x 5 cm CNT forest sample, shown in Figure 5-6, 
prepared with an identical catalyst recipe that is also used for CNT column growth. Density calculations 
are based on the weight gain method.239 This method is useful as it considers both the number of walls 
and the length of the CNTs.  
Table 5-1. Parameters for CNT density calculations for a sample annealed at 400 oC for 5 min. The number of walls is determined 
by sampling of STEM data.  
CNT Length (µm), 𝒍 ~500 
Sample Area (cm2), 𝑨 25 
Average Outer Diameter of CNTs (nm), 𝑫 6 ± 3 
Weight Gain (mg), 𝑴 6.45 
Average # of walls, 𝒏 4 
 
 𝐶𝑁𝑇 𝐴𝑟𝑒𝑎𝑙  𝐷𝑒𝑛𝑠𝑖𝑡𝑦  𝑁/𝐴 = ((𝑀/𝐴𝑙))/(𝑚/𝑙) (5-1) 
Where 𝑁/𝐴 is the area density, 𝑀/𝐴𝑙 is the mass density, and 𝑚/𝑙 is the weight gain per single CNT unit 
length. For MWCNTs, all walls contribute to weight gain (𝑚/𝑙). The diameters of the inner walls of 
MWCNTs are given by 𝑑𝑖 = 𝑑 − 0.68(𝑖 − 1) based on the theoretical interlayer spacing between graphite 
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sheets of 0.34 nm, i is the number of inner walls. The aggregate diameter, 𝐷, is given by 𝐷 = ∑ 𝑑𝑖
𝑛
𝑖=1  
where 𝑛 is the number of walls.3 Calculations are based on a 5 cm x 5 cm CNT forest sample shown in 
Figure 5-6.   
 
Figure 5-6. A full 5 cm x 5 cm sample with as-grown CNT forest on Si substrate used for CNT areal density calculations. The area 
of the deposition is kept as large as possible to increase the total weight of the CNT forest to minimise the errors as the calculations 
are based on CNT weight.  
 
A SWCNT’s surface area per unit mass is4 1315 m2 g-1, which means  (𝑚/𝑙) can be generally 
expressed as  (𝜋𝑑/1315). Therefore, for any type of CNTs, the weight gain per unit length is calculated 
by 
𝑚
𝑙
= 2.39 × 10−21𝐷 with units of g nm-1.  𝐷 is determined by combination AFM and STEM analysis 
whereas n is based on the sampling of the STEM data. It is assumed that all the tubes are vertically aligned 
and possess the same length. The growth area is kept as large as possible to minimise the weight gain 
error. This is because the CNTs are very light and a large substrate would provide a more accurate weight 
data. The calculated average areal CNT density deposited with the 5 min annealed catalyst is 1 x 1010 cm-
2. The step by step CNT area density estimation with error calculations is demonstrated in Appendix C.   
This value is comparable with other high density CNT studies reported by Yaglioglu et al. 279 (1.5 x 1010 cm-
2) and Ahmad et al.73 (2 x 1010 cm-2) and Gopee et al.240 (1010 cm-2). Therefore, the estimated number of 
CNTs within a 200 x 200 µm cross-sectional area of a CNT probe is 4 x 106.  
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Figure 5-7. (a) Normalised visible Raman spectra of an as-grown CNT probe as a function of CNT length obtained by a 532 nm 
green laser. The spectra show the characteristic Raman bands; a D peak at around 1340 cm-1, a G peak at around and a distinct 
2D peak at around 2690 cm-1. As the CNT length increases the disorder-induced D peak gets smaller and the 2D peak starts to 
split. (b) is a scanning electron microscopy (SEM) image of a CNT forest column. Tilt angle is 80o. RBM region of the as-grown CNTs 
using a (c) 738 nm (1.58 eV) red laser and (d) 532 nm green laser. No RBM peaks for observed for green laser. One metallic RMB 
peak is observed at 226 cm-1 frequency which could be associated with C60.  
The ID/IG band intensity ratio in the Raman spectra is widely used as an indication of sample quality 
for carbon-based materials222,226 as discussed in detail in section 3.2. Raman spectra, acquired from 
different positions along the length of as-grown CNT probes using a 532 nm (2.41 eV) green laser, are 
shown in Figure 5-7a and b. First, as the CNT length increases, the ID/IG ratio decreases, indicating an 
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increase in the quality of the CNTs during growth. For a given set of gas flow parameters and catalyst 
dimensions, the quality typically varies with temperature. Therefore, the quality improvement during 
growth indicates a temperature increase at the growth front for a given high growth rate growth window 
( growth time < 15 min.) discussed in Chapter 4.2.3, probably due to the excellent black body radiative 
properties of CNT. This recovers more of the thermal energy towards the growth front, rather than its 
removal through the substrate and the high-pressure gas flow.73,74 However, it is known that CNTs have 
exceptionally high thermal conductivity. This could mean that as the CNT film grows, it could be acting as 
a heat sink for the Fe catalysts which are at the tip of the CNTs. This could reduce the activity of the catalyst 
decreasing the growth rate.78 Therefore, the increased growth time (in the metallic route described in 
section 2.3.8) should be accompanied by an increase in the temperature to minimise the heat loss at the 
growth front caused by the as-grown CNTs. 
Additionally, when the acetylene gas line is cut off, the optical head is kept on for one extra minute 
to prevent the formation of an amorphous carbon layer at the tips of the probes. Secondly, the radial 
breathing mode (RBM) signal of the as-grown CNTs are measured by 532 nm and 732 nm lasers and then 
fitted with Lorentzian functions to measure the intensities and peak positions (see Figure 5-7c-d). RBM 
peaks are observed only for SWCNTs or double-wall carbon nanotubes DWCNTs.222 The position and 
intensities of the peaks are indications of different type of CNTs with frequencies between 120 and 350 
cm-1. The frequency of the “breathing” is related to the diameter of the nanotubes by the equation 
𝜔𝑅𝐵𝑀 = 𝐶/𝑑𝑡 (cm
-1) and 𝐶 = 234 cm-1 for isolated SWCNTs on a SiO2 substrate.222 The RBM frequency 
(𝜔𝑅𝐵𝑀) is inversely proportional to the tube diameter (𝑑𝑡 and it originates from the fact that the mass of 
all the carbon atoms along the circumferential direction is proportional to the diameter. However, this 
applies to a narrow range of SWCNT diameter (0.7 – 2 nm).265 
Some of the RBM peaks are able to be seen when measured by the 738 nm laser however peaks 
are very broad with low intensities (see Figure 5-7c) other than one metallic peak at 226 cm-1 frequency 
which could be associated with C60 as the calculated diameter from above formula is equal 1.08 nm. A C60  
molecule has a diameter of about 1.1 nm.287 No RBM peaks are observed for measurements performed 
by the 532 nm laser (Figure 5-7d). This suggests that the deposited CNTs are mostly metallic and 
multiwalled since the RBM signal from the large diameter tubes is too weak to be observable. 265,288 This 
supports the STEM observations discussed in Figure 5-5. Micro-probing application requires metallic, high 
quality CNTs for low contact resistance 73,240 and large diameter multi-wall (MWCNTs) CNTs for improved 
stiffness.278 PTCVD growth recipe used for this chapter is designed for metallic MWCNTs, based on the 
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work done at the Advanced Technology Institute at Surrey by Chen et al.74 , Ahmad et al.73 With the 
successful deposition mechanism discussed above, the resultant VA-MWCNTs achieved superior lengths 
(up to 500 µm), high quality (ID/IG < 0.5) and greater density (1010 cm-2).  
5.2.4 Electromechanical Characterisation of CNT Contacts   
 
In this section, the electromechanical testing setup for characterisation of CNT micro-contacts is 
explained. It is important to investigate both the mechanical and electrical responses of both as-grown 
and metallised CNT micro-contacts simultaneously under dynamic loading to understand the electrical 
contact stability, mechanical compliance and durability.  
 
Figure 5-8. Electromechanical characterisation rig setup for testing CNT micro-contactors. Force, electrical contact resistance, 
displacement and time are simultaneously measured. Single-point, ultra-low-load load cell was attached to a motorised, 
sequencable z-stage. Displacement is measured via a laser. The alignment between the Au-coated Cu top contact and the CNT 
probes is carried out by placing two digital microscope cameras in x and y directions.   
The electromechanical characterisation setup of the CNT-metal micro-contact structures is shown 
in Figure 5-8, The setup consists of a high-precision, ultra-low load, single-point load cell (Tedea-Huntleigh 
0.3 kg with a load cell amplifier) attached to a motorised z-stage (Thorlabs 300 mm DC Servo Stage with 
TDC 001 controller, controlled via Kinesis software), a displacement laser (Keyence LK-G) and a 
source/measure unit. A ~1.5-mm diameter hemispherical, Au coated, Cu top contact is attached to the 
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load cell. The applied force, displacement, electrical resistance and time are measured simultaneously. 
Electrical measurements are performed by four-point resistance measurements using an Agilent B2902A. 
Two wires are attached to the top copper contact and the other two wires are placed on the copper 
substrate, enabling four-point probe measurements to be performed. The contact resistance measured is 
a combination of the CNT-probe and the contact resistances at the two ends of the probe.  The details 
and the limitations of this electromechanical testing rig setup are discussed in detail in section 3.4.  
Three different types of tests are designed: 1) increasing the loading (compression), to observe 
the mechanical compliance limits and the effect of loading on the electrical contact resistance; 2) cyclic 
loading, to test the stability and repeatability of contacts, and 3) constant loading conditions to investigate 
the current-carrying capabilities. For all the tests, 200 µm x 200 µm cross-section area probes with 200 
µm pitch are used. For each measurement, only one probe is contacted. Due to the limitations of the 
experimental setup and the 200 µm pitch of the metallised CNT array, it is only possible to deflect a CNT 
probe up to 75 µm before contacting adjacent probes. Therefore, for increasing loading (>100 µm over-
travel) experiments, adjacent probes to the testing probe are compressed up to 75 µm (see Figure 3-10), 
to avoid contacting more than one probe.  
5.2.4.1 Hertzian Contact Stress Model  
 
Because the top contact is hemispherical, we must consider a more complex and accurate 
model for mechanical data interpretation.  
 
Figure 5-9. Sphere on flat plate contact approach. Metallised CNT contact is assumed to be infinitely long at the very beginning of 
the touchdown. The model resembles a similar configuration of a solid metal micro-spring contacting a micro-solder ball during 
touchdown. 500 nm Pd metallised CNT contact is used for the calculations since it has the highest effective elastic modulus.  
If we assume that the contact configuration is “sphere (gold-coated top contact)-on-flat plate (the 
surface of the CNT-metal contact structure)”, then the setup resembles an accurate configuration of a 
micro-bump probing application in which a micro solder ball has the shape of the top contact and is 
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probed with the CNT-metal probe. The Hertzian Contact Model289 then gives the relationship between the 
applied maximum stress with respect to contact radius: 
 
           𝑝𝑚𝑎𝑥 =
3𝐹
2𝜋𝑎2
  ,   𝑎 = √
3𝐹
8
(1−𝑣1
2)/𝐸1+(1−𝑣1
2)/𝐸2
1/𝑑1+1/𝑑2
3
 (5-2) 
 
Where 𝑝𝑚𝑎𝑥 is the maximum contact stress, 𝑎 is the contact radius, 𝑣1 and 𝐸1are the Poisson’s ratio and 
elastic modulus of Au plated top contact, 𝑣2 and 𝐸2are the Poisson’s ratio and elastic modulus of CNT-
metal probe, the diameters of top contact and the CNT-metal probes are 𝑑1 and 𝑑2respectively, and finally 
𝐹 is the applied force. Here, 𝑎 is force-dependent and as seen in Figure 5-10a, the force is not constant 
(prior to significant plastic deformation failure). Therefore, for a cycling loading by an applied force 
between 0 and 14 gf the average contact area diameter for a 500 nm Pd sputtered CNT probe can be 
defined as:290   
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Table 5-2. Parameters for Hertzian Contact Stress Model Calculations for 500 nm Pd deposited CNT probe. 500 nm Pd deposited 
CNT contact was chosen for the contact stress calculations since it has the highest effective elastic modulus and lowest contact 
resistance.  
 CNT Probe Au coated Top Contact 
Diameter Large 1.5 mm 
Elastic Modulus 35. 7 MPa* 79 GPa 
Poisson’s ratio 0.22 0.44 
*Elastic Modulus for CNT probe is the measured experimental effective elastic modulus. It is the elastic modulus measured 
prior to significant plastic deformation. 
 
Table 5-2 and equation ((5-3), average contact area diameter and maximum contact stresses are 
plotted in Figure 5-10. It should be noted here that, to increase the calculation accuracy, it is assumed the 
CNT-metal plane is infinitely large with regards to the contact area hence in Figure 5-10b, the contact area 
diameter goes above 200 µm. Therefore, 200 µm is the upper limit, beyond which the sphere is in full 
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contact. For a 200 µm x 200 µm cross-sectional area CNT-metal micro-contact, the full contact is achieved 
around 30 µm displacement.   
 
Figure 5-10. Contact area and contact stress calculations for a 200 x 200 µm cross-sectional area 500 nm Pd metallised CNT-metal 
probe when deflected 50 µm. (a) Contact area diameter vs. Applied force vs. Maximum contact stress. It is assumed that the top 
contact is a perfect circle and the CNT contact is a flat surface. (b) Contact area diameter vs. Displacement and Electrical contact 
resistance.  
 
Once the contact stress model is established and the electromechanical characterisation routes 
are designed, CNT micro-contacts without a metallisation layer were tested first to understand the 
electromechanical behaviour of as-grown CNT-only contacts.  
The average lowest stable contact resistance measured for an as-grown (non-metallised) CNT 
probe is 5 ± 0.5 Ω for a CNT pillar with a 200 x 200 µm cross-section area obtained from 5 randomly chosen 
probes, at 50 µm over-travel. However, during touchdown, the contact resistance is found to be unstable 
(5-20 Ω, see Figure 5-11a). This originates from the difficult task of contacting all the individual CNTs within 
the 200 x 200 µm cross-section probe area.  Additionally, the mechanical stiffness is low (see Figure 5-11b) 
under compression due to the foam-like, low-density structure268 of the as-grown CNT forest, therefore a 
metallisation process is necessary.8,240   
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Table 5-3. Comparison of as-deposited and metallised CNT probes’ resistance and resistivity values to similar studies with 
comparable CNT lengths. 
Reference 
Average 
VACNT 
length 
Resistance  
[kΩ/µm] 
CNT 
Diameter 
[nm] 
CNT Density 
CNT Network 
Resistivity* 
Pd-CNT (500 nm)174 500 µm 3.6  ~8 1010 1.8 x 10-5 Ω cm 
Au-CNT (500 nm)174 500 µm 12  ~8 1010 6.0 x 10-5 Ω cm 
CNT-only probe 174 500 µm 40  ~8 1010 2.0 x 10-4 Ω cm 
Yaglioglu279  
(Ag epoxy – CNT) 
700 µm 43 
10  
1.5 x 1010 6.7 x 10-5 Ω cm 
Gopee240  
(Ag- CNT-Ag) 
200 µm 6.5 7.3 1010 3.1 x 10-4 Ω cm 
Yun11 4 mm 28 ~20 - - 
Agrawal291 100 µm 10,000 40 ± 10 - - 
Zhu292 210 µm 138,000 ~10 - - 
*Note: Resistivity is estimated as “network” resistivity by considering the average individual CNT cross-section area, the number 
of CNTs per probe cross-section area, CNT length and contact resistance. The shaded area shown is the results of this work.  
 
 
If it is assumed that all vertical CNTs resistors are connected in parallel, then we can calculate the 
resistance of an individual CNT to be 20 MΩ. When the resistance is normalised to per micron length and 
compared with other studies in the literature with similar scales (> 100 µm CNT length, see Table 5-3), 
one of the lowest CNT contact resistances to date is reported. To calculate resistivity, a cross-section area 
should be defined. Since the probe structure is very porous, it cannot be considered as a dense solid. It is 
shown in the literature that when an array of CNT forest is densified, the resistance decreases sharply 
since more conduction channels are activated per area.293–295 Therefore, a nanoscale void volume should 
be defined and taken into consideration to estimate a “true cross-section” area of a probe. If it is assumed 
that only one conduction shell per tube (the outer shell) is active and the average CNT diameter is 8 nm 
(see Table 5-1), we can then calculate a cross-section area of an individual CNT (5 x 10-13 cm2) and multiply 
that by number of CNTs (4 x 10 6 CNTs) per 200 x 200 µm probe cross-section. This enables us to define an 
approximate “true” cross-sectional area to calculate a resistivity value of 2 x 10-4 Ω cm for the as-grown 
CNT forest columns. However, this model presumes that the VACNTs are perfectly aligned and in contact. 
As discussed in the following section, metallising the CNT contact with 500 nm Pd decreases the network 
resistivity to 1.84 x 10-5 Ω cm, almost one order smaller than as-deposited CNT samples (see Table 5-3). 
Lower resistivity could be attributed to the good work function matching and better wetting properties of 
Pd154,240,296 as well as contacting all the tubes for a given probe cross-section area.     
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Figure 5-11. Electromechanical response of CNT forest column (200 µm x 200 µm) without a metallisation layer. (a) Cyclic loading 
(b) Increasing loading. As it can be seen in (a), it is difficult to identify the touchdown points where the top Au coated contact 
makes full contact with the CNT forest column. This is due to the difficulty of contacting an estimated number of 4 x 106 individual 
CNTs at the same time. This results in an unstable touchdown with high contact resistances.  
As discussed above, to achieve a stable, low contact resistance without Schottky barriers and good 
mechanical robustness, a metallisation step is needed after the CNTs are deposited on the Si substrate. 
8,240,279 The following section discusses the fabrication of the arrays of metallised CNT micro-contacts and 
then reports their electromechanical behaviour under three different types of loading conditions, 
described in this section.   
5.3 Fabrication and Electromechanical Characterisation of On-chip Metallised CNT 
Contacts 
5.3.1 CNT-Metal Hybrid Micro Contact Fabrication  
 
A workflow of the micro-contact fabrication process is shown in Figure 5-12a, from the patterning 
of the catalyst to the growth of the CNT. First, Si wafers were cut into 2.5 cm x 2.5 cm squares and then 
cleaned by the procedure described in section 4.1.1 (Step 1). Then, 100 nm of TiN is sputtered as the 
thermal and diffusion barrier (Step 2) followed by 10 nm of Al deposition via e-beam evaporation (Step 
3). The shape and the pitch of the CNT micro-contact arrays controlled photolithographically by patterning 
the Fe catalyst (Step 4). The details of the bilayer photolithography process are discussed in section 
5.2.1.1. After the lift-off process, Si wafers are placed inside the PCVD chamber for CNT deposition (Step 
5). The CVD parameters used for the catalyst activation and CNT growth stages were kept identical and 
detailed in the previous section. As the final step; as-deposited, patterned CNT forest columns are 
metallised using two routes (Step 6). One route, top-cap and sides metallised Pd-CNT micro-contacts via 
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sputtering (250 and 500 nm metal coating thickness) (see Figure 5-12b). The other route, top-cap only 
metallised Au-CNT micro-contacts via directional e-beam evaporation (250 and 500 nm metal coating 
thickness) as visualised in Figure 5-12c. The metallisation routes are designed to study the effects of 
metallisation morphology and thickness on obtaining a stable electrical contact resistance, without 
compromising the mechanical compliance; this is to be competitive with current technologies, such as 
MEMS cantilever probes or micro-spring probes, which have good elastic compliance (>20 µm over-
travel). 269–271,297,298 Pd and Au are typically used in the microcontact industry to give good ohmic contacts 
and are not chemically reactive. Additionally, wetting properties and the thickness of metallisation layers 
is critical to obtaining good stable contact.  
 
Figure 5-12. (a) Process flow for the fabrication of CNT metal hybrid micro-contacts. Step 1, cleaning the Si substrate; step 2, 
sputtering the thermal and diffusion barrier layer of 100 nm TiN, followed by the interlayer deposition of 10 nm Al (Step 3) via e-
bema evaporation. Step 4, catalyst patterning by photolithography, e-beam evaporation and lift-off; step 5 is the PTCVD growth 
of CNT columns. The final step (step 6) is divided into two routes; 6a is sputtering providing a more uniform metal coating, 6b 
directional metallisation of the CNT columns via e-beam evaporation. Two routes are followed to investigate the effect of 
metallisation on the compliance of the CNT-metal micro-contactors probes. (b), A Pd metalised CNT probe via sputtering (64 min, 
500 nm) covering both the tips and the sides of the CNT pillar. (c), An Au metallised CNT probe via e-beam evaporation (~500 nm) 
in which the metal layer covers the first 4-5 µm (the tip) of the CNT pillars. 
Figure 5-13 shows a focused ion beam (FIB) cross-section of a 500 nm Pd sputtered CNT contact. 
We observe that the metal does not penetrate the CNT forest for more than 3-4 µm.  As the metal coating 
gets thicker, it forms a continuous layer and blocks further penetration even though the inner CNT forest 
is very porous. The resulting structure is a combination of an outer shell of a hybrid CNT-metal (up to 4 
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µm) and inner highly dense CNT forest, as observed by the SEM image contrast difference in Figure 5-13. 
Similar results are reported by other studies, regardless of the thickness of the coating. 8,240  
 
Figure 5-13. An SEM image of a focused ion beam (FIB) cross-section image of a 500 nm metallised Pd-CNT hybrid micro-contact 
showing the limited penetration of the metal into the porous CNT forest column. It was observed that the metal deposition does 
not penetrate the CNT forest further than 3-4 µm. Moreover, the metal thickness along the corner decreases from the tip to the 
base of the CNT column. A protective Pt layer was deposited on the tip of the probe via electron beam induced deposition (EBID) 
to prevent ion beam from damaging the Pd coating before milling.  
This type of hybrid structure could be advantageous, where the outer CNT-metal shell could 
reduce the contact resistance by making contact with as many VA-CNTs as possible, whilst providing 
structural robustness. The highly aligned CNTs inside the hybrid metal-CNT shell, on the other hand, could 
act as charge carrying channels but due to the porosity also deliver mechanical compliance under 
compression.  
Finally, Figure 5-14 displays a demonstrator containing multiple arrays of fully-functioning 
metallised CNT micro-contacts with different pitches; that can be diced to form individual on-chip 
contactor devices. Figure 5-14a shows a few arrays of 200 µm x 200 µm 500 nm Pd metallised CNT contacts 
with 200 µm pitch. This demonstrates the versatility and scalability of the technique compared to current 
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micro-spring manufacturing in which each probe is placed manually by hand which makes reducing the 
pitch very difficult whilst increasing the cost and manufacturing time. With this approach the pitch, array 
layout and the probe geometry can be controlled through selective CNT growth from fixed pre-patterned 
catalysts via photolithography, as presented in Figure 5-14. These column structures can be produced 
with very short pitches, even of the order of microns, an area where further minimization of current solid 
metal micro-contactor towards 50 µm is challenging. This study shows that an appropriate metallisation 
layer reduces the overall resistance by one order of magnitude and provides enhanced mechanical 
resilience to the probe. Additionally, the metallised CNT micro-contacts have compliances up to 5% and 
exhibit a stable electrical contact resistance for up to 60 µm over-travel (as described in the following 
section) which are close to the electromechanical performance of solid micro-contacts. Yaglioglu et al.8 
reported low compliance, of around 1.5%, for Au metallised CNT probes which could be the result of much 
thicker metallisation layer (1-4 µm) and a larger CNT diameter; larger diameter CNTs result in stiffer 
structures as well as reduces the areal CNT density, hence the reduced compliance.278 
 
Figure 5-14. Examples of fabricated CNT micro-contacts after metallisation. (a) is a few arrays of 200 µm pitch, top cap and sides, 
500 nm Pd metallised CNT contacts. (b) Top-cap 500 nm Au metallised CNT probes, where the metal coating is only at the tip of 
the CNT columns with both 400 µm and 200 µm pitches (c) Another example of top cap and sides 250 nm Pd metallised array of 
CNT micro-contacts demonstrating the precise control of the array pitch via catalyst engineering.   
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5.3.2 Defining the Compliance and the Plastic Deformation Regions  
 
In order to compete with the currently employed micro-contacts used in semiconductor testing 
industry, it is crucial to understand the mechanical limitations of the fabricated CNT micro-contacts. Solid 
metal micro-springs benefit from assembling of rigid metal parts with small-scale springs therefore under 
compression they have good compliances.299 It is shown previously that the CNTs have excellent elastic 
properties4,268 however to be considered for probing applications, good compliance (of up to 20%) is 
desired. In that case, the ability to decrease the pitch with ease would become more attractive to the 
industry.  
 
Figure 5-15. In-situ observation of a typical loading and unloading of a Pd metallised 500 µm CNT probe. The loading strain rate 
is 1 µm/s. There are three stages: 1) Initial elastic loading up to the compliance limit, 2) as the force-displacement is, cracks initiate 
and propagate usually along the corners and then the structure starts to buckle, 3) unloading, as the load is removed the probe 
relaxes back towards the original position however some of the plastic deformation persists after top contact is removed. Top 
contact was removed with a much higher rate (10 µm/s) to observe the probe relaxation more clearly. Inlet is a zoomed-out image 
of the top contact and the CNT probe in contact prior to deflection.  
Figure 5-15 is a typical compressive loading-unloading curve for a 250 nm Pd-metallised probe 
together, with a set of optical microscopy in-situ images of the probe showing the displacement of the 
top contact under compression. The CNT-Pd contact (250 nm) is compressed over a distance of 50 µm, 
with a strain rate of 1 µm/s (slower than cyclic loading). Unloading is performed at a higher rate (10 µm/s), 
to capture the probe recovery.  For cyclic loading conditions discussed in the next section, the loading-
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unloading rates are kept identical. Following the initial contact, the probe and the top contact exhibited a 
“contact settling region” within the first 5 µm over-travel followed by “the elastic region” where the probe 
retains its structural integrity under compression, without expanding laterally, however, the force-
displacement curve was not completely linear. This could be due to a couple of reasons. Firstly, a sphere-
on-flat-plate Hertzian contact stress model289,300,301 as detailed in section 5.2.4.1 is fitted to establish the 
relation between contact area, stress and electrical contact resistance. The increase in the contact area 
between the top contact and the CNT-metal probes is not initially linear (see Figure 5-10), up to 20 µm 
displacement (over-travel). This results in an uneven distribution of the initial contact stresses. 
Additionally, the tip of the CNT-metal probe is not a perfectly smooth surface (see Figure 5-12b) due to 
the composite CNT-metal structure where some of the metal deposition penetrates into the CNT forest 
up to 3-4 µm, which could affect the force response of the probe due to the irregular surface asperities. 
Further increasing the over-travel results in the initiation of cracks along the edges of the metal-CNT shell, 
which could be acting as stress concentration zones, and then the crack propagates. This region can be 
considered as “plastic deformation”. Due to the nature of the structure, it seems probable that the 
deformation is being accommodated through direct compression and lateral expansion of the metallised 
walls of the probe and the forest of inner individual CNTs. In this region, the force-displacement curve 
starts to deviate from linear. The increased area under the force-displacement curve indicates that more 
work is required to compress the CNTs per micron, even after the elastic region. This is typically seen when 
a material undergoes strain-hardening, and this could be occurring around the metal-CNT shell, as the 
hybrid structure is stiffer and bears more load. This results in higher strains compared to CNT forests inside 
the probes, where there is more room for the CNTs to deflect under compression. However, even beyond 
the elastic compliance limit (>25 µm), the probe shows further relaxation within the plastic region, which 
is observed during rapid unloading.  
5.3.3 Electromechanical Performance of Metallised CNT Micro-contacts  
 
Electromechanical probing applications can demand more aggressive probing tips to penetrate 
through contaminants, such as thin native oxides or organic adsorbed layers. However, the force applied 
by the probe to the test material should be balanced to produce good contacts, such that small instabilities 
do not break the electrical contact, but without plastically deforming the probes or leaving scrub marks 
on the test material.272,298,302 Figure 5-16a illustrates the electromechanical response of a 250 nm Pd-CNT 
probe under increasing compression. Once the top Au contact has made an electrical connection with the 
Pd-CNT probe (this corresponds to the rapid drop in the contact resistance to just below 1000 Ω within 
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the first 5 µm deflection), it is over-travelled a further 125 µm, at a rate of 1 µm/s. It is assumed that there 
is no contact between the CNTs and the top contact when the contact resistance is above 1000 Ω. The 
green shaded area in Figure 5-16 represents the elastic compliance region, followed by plastic 
deformation (the yellow shaded area). The electrical contact stabilises within the elastic region and 
remains stable up for up to 60 µm deflection, which corresponds to the plastic deformation region as 
defined in the previous section. Higher forces are also required to compress these Pd metallised probes 
when compared to the corresponding top-cap metallised Au probes (Figure 5-16b). This is because the 
outer metallic shell of the Pd metallised probes combine with the inner CNT forest to give greater rigidity 
to the probe structure compared to the top cap metallised Au probes, where the CNT forest is offering 
the only resistance to compression. Porosity calculations based on CNT areal density and average CNT 
diameter described by Futaba et al. 303 suggest that our CNT forest occupy 2.4% of the total volume of a 
200 µm x 200 µm x ~500 µm probe; the rest is empty space, (with 21 nm average spacing between 
individual tubes), resulting in the porous structure. Therefore, the actual applied forces on each tube are 
many times higher, causing deformation and buckling. Once the electrical contact is made, all probes show 
a similar range of over-travel (40–55 µm) for which the contact resistance is low independently of the 
metallisation type. However, only metallising the tip did not provide extra elastic compliance. 
Compressing the probes beyond this region results in unstable spikes in the contact resistance. In 
literature, it’s been shown both experimentally and theoretically that, under strain, the electromechanical 
behaviour of SWCNTs and MWCNTs is different.4,277,304 There are two arguments for SWCNTs: 1) 
Mechanical deformation such as stretching, bending, compression introduces a bandgap for both 
semiconducting and metallic type CNTs, causing a decrease in the conductance305,306; 2) A transition from 
sp2 to sp3 bonding configurations is induced in the CNTs when strained, resulting in a reduction in 
conductance.307,308 It is noted that this transition is localised to the strained region and it is reversible. 
MWCNTs, however, showed an increase in conductance when bent or compressed. This is attributed to 
the increased number of charge-carrying channels in contact within a tube and parallel transport through 
them, causing a significant increase in the conductance.12,279,309 When compressed, both metallised (Figure 
5-16) and as-grown CNT micro-contacts (Figure 5-11) show a decrease in the resistance as a common trait, 
even though the amount of decrease is different. However, under high strains, deformation of the CNT-
metal hybrid structure and the collapsing of the adjacent walls cause an increase in the contact resistance. 
Overall, to ensure good stable contact resistances for the Pd and Au probes, the over-travel should be 
limited to a maximum of 50 µm.   
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Figure 5-16. (a) Electromechanical response of 250 nm Pd metallised (sputtered) CNT microprobes (200 µm x 200 µm) under 
increasing loading conditions for up to 125 µm deflection. The sample showed higher resilience to compression within the first 20 
µm over-travel with stable, whilst maintaining below 1 Ω contact resistances up to 60 µm over-travel. (b) The electromechanical 
response of a 250 nm Au (evaporated) CNT microprobe (200 µm x 200 µm) under increasing loading conditions for up to 125 µm 
deflection. After initial contact was established, the probes were compressed 125 µm with a rate of 2.5 µm/s (for both types of 
CNT probes). Pd metal coating was deposited to both top and the sides of the CNT column, whereas Au coating was only deposited 
on the top cap of the CNT column. Au-CNT contact showed lower resilience to compression. The electrical contact resistance 
remained under 2 Ω when the probe was over-travelled up to 55 µm.  
 
Current micro-contacting technology expects probes to perform at least 100,000  stable 
touchdowns before they are replaced.302,310 Consequently, the mechanical and electrical behaviour of the 
probes under cyclic loading need to be studied. The cyclic loading results of both types of metallised (Pd-
metallised and Au-metallised) CNT probes are shown in Figure 5-17. For the Pd metallised CNT probe, 
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(Figure 5-17a and b), it is observed that the contact resistance reaches a low and stable value within the 
elastic compliance region (approx. up to 20 µm over-travel, as discussed in the previous section in Figure 
5-16a). In the Au metallisation where the lowest contact resistance was only achieved beyond the elastic 
compliance region, as shown in Figure 5-16b. However, to characterise the limitations of the probes and 
to understand the electrical contact resistance behaviour under high compressive strains, the over-travel 
is kept to 50 µm for each touchdown. Figure 5-17 shows that the contact resistance is stable at 50 µm 
over-travel under cyclic loading, even though the probes are tested in the plastic region, with Pd providing 
lower contact resistance (Figure 5-17a and b, < 1 Ω/probe) than Au (Figure 5-17c and d, < 3 Ω/probe), 
regardless of the metallisation thickness used.  
 
Figure 5-17. Cyclic loading electromechanical characterisation of CNT-metal hybrid micro-contacts. Each peak represents a single 
touchdown. 1000 cycles were performed for each sample with 50 µm over-travel after contact. Force unit is gram-force. (a) 500 
nm Pd sputtered 200 x 200 µm cross-section a CNT micro-contact. (b) 250 nm Pd sputtered CNT 200 x 200 µm cross-section CNT 
micro-contacts. The metal coating for (a) and (b) covers both the top cap and the sides of the CNT column. (c) 500 nm Au 
evaporated a 200 x 200 µm cross-section a CNT micro-contact. (d) 250 nm Au evaporated a 200 x 200 µm cross-section CNT micro-
contact. Au metal coating was mostly deposited only on the top cap of the CNT column. Contact resistances remained stable for 
all touchdowns for both types of metallisation routes with Pd showing a lower contact resistance compared to Au of the same the 
metallisation thickness.  
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The higher contact resistance for Au could be due to the other factors, such as the work function 
mismatch and poor wetting between the metal and the CNT column.154,240,296 Matsuda et al. 296 showed 
that, for an end-to-end metal-CNT-metal type of structure, Pd had a lower contact resistance than Au. 
Likewise, Lim et al. 154 argued that wetting of carbon by transition metals was directly related to the 
number of unoccupied d orbitals and showed that Pd provided better wetting of CNTs compared to Au. 
Similar results are reported in Gopee et al’s interconnect study.240 Additionally, the resistive forces 
measured are significantly higher for Pd metallised probes compared to Au metallised. This could be the 
result of the deposition morphology as discussed in the previous section. The force curve recorded for the 
first couple of touchdowns shows 10-15% higher resistive forces before it stabilises, regardless of the 
probe metallisation type or the metal thickness. This is due to the morphology of the contacting surfaces 
inducing small plastic deformations (e.g. indents, scratches) in these initial contacts. This is not observed 
when repeating these cyclic loading tests with smaller over-travel values of up to 25 µm (depending on 
the metal coating morphology and thickness, see Figure 5-18), indicating that the lower forces induced in 
the loading cycle are not sufficient to plastically deform the contacting surfaces.  
 
 
Figure 5-18. A 500 nm Pd metallised CNT probe after cycling testing for 1000 touchdowns (a) at 15 µm over-travel cyclic loading 
testing, showing no visible damage after 1000 touchdowns. (b) at 50 µm showing the plastic deformation retained. Tilt angle is 
80o for (c).  
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Additionally, microcontacts are expected to have high continuous current carrying capacities (>1 
A) at operating temperature.302,310 Figure 5-19 shows the current-voltage characteristics of the CNT probes 
acquired at room temperature, under 20 µm deflection (stable contact resistance region). We observe 
that the current increased linearly indicating ohmic microprobes (with current density per CNT-metal 
probe as high as 2.5 x 106 A cm-2) and that the probes did not degrade even for currents as high as 1A, 
suggesting that these probes could be suitable for applications where high continuous current carrying 
capacities are required. For example, the current rating of a Cu wire with the same cross-section (0.04 
mm2 gauge AWG31) has a rated transmission current of 0.01A. Metallised CNT micro-contacts were tested 
safely up to 1 A which, given the very small thickness of the metal layer, shows that the ampacity is due 
to CNT conduction. Furthermore, due to the top-down nature of the metallisation deposition, it is likely 
that the metal cap is thinning significantly towards the bottom of the CNT contact, which would affect the 
current-carrying capacity if just the metal were responsible for conduction.  
 
 
Figure 5-19. Current-voltage characteristics of 200 µm x 200 µm cross-section area CNT probes with different metallisation layers 
and thicknesses. Probes are deflected 20 µm before the measurements and remained constant during the measurements.  
 
In Figure 5-20, the evolution of the contact resistance over 2500 touchdowns is traced. For each 
metallisation, 5 random probes are selected and tested under cyclic loading for 2500 cycles, with 50 µm 
over-travel. Each line is the average over 5 independent traces, over 5 different probes, respectively. 500 
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nm top-cap and sides metallised Pd CNT probes had the lowest contact resistances, as low as 0.44 ± 0.01Ω 
within the first 50 touchdowns and 0.46 ± 0.01 Ω (3.68 kΩ/µm) in the last 50 touchdowns, whereas 250 
nm Pd shows 0.69 ± 0.03 Ω (3.68 kΩ/µm) initial and 0.73 ± 0.02 Ω final resistance after 2500 cycles. Top-
cap only metallised Au samples’ contact resistance results vary more compared to Pd. 500 nm Au 
metallised probes had an initial contact resistance of 1.46 ± 0.03 Ω and a final one of 1.52 ± 0.04 Ω (12.16 
kΩ/µm), whilst 250 nm Au probes initial and final contact resistances increase from 2.62 ± 0.01 Ω to 2.72 
± 0.04 Ω (21.76 kΩ/µm). Overall, the contact resistance degradation does not exceed 5% for Au samples 
and 4% for Pd samples after 2500 touchdowns. Higher degradation in the contact resistance for Au could 
be linked to the poorer contact interface between Au and CNTs.161,240 If we calculate a resistivity value 
based on average cross-section area of an individual CNT and estimated number of CNTs per probe area, 
the lowest metal-CNT array network resistivity calculated is ~1.8 x 10-5 Ω cm for the 500 nm Pd-metallised 
CNT probes, see Table 5-3 for comparison with the literature with comparable CNT lengths reported. This 
value is approximately an order of magnitude smaller than Gopee et al.’s240 interconnect (3.1 x 10-4 Ω cm), 
Ahmad et al.’s 73 metallised CNT via (8.37 × 10−5 Ω cm) and Yaglioglu et al.’s 279 probes (6.7 x 10-5 Ω cm).  
 
Figure 5-20. Evaluation of reproducibility and repeatability of contacts of 200 x 200 µm cross-sectional area CNT-metal probes. 5 
random probes were chosen and tested for 2500 cycles at 50 µm over-travel. Only every 15th data point is displayed in this graph 
to be able to show the variance more clearly.  
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Finally, the distribution of the contact resistances for each type of metallised 200 x 200 µm CNT 
micro-contact after 2500 touchdown is demonstrated in Figure 5-21. The reproducibility of the 
touchdowns for randomly chosen probes within an array is critical for any potential electromechanical 
probing applications. Once the top contact, as described in Figure 5-8, and the CNT contact are aligned 
correctly, the measured electrical contact resistance was found to be reproducible, regardless of the 
metallisation type. Given that in certain probing applications more than one probe is expected to make a 
touchdown simultaneously, it is important to achieve a good repeatable and reproducible contact.  
 
Figure 5-21. The distribution of the contact resistances of each probe tested for 2500 touchdowns. (a) 250 nm top-cap and sides 
metallised Pd-CNT probe. (b) 250 nm top-cap and sides metallised Pd-CNT probe. (c) 250 nm top-cap only metallised Au-CNT 
probe. (d) 500 nm top-cap only metallised Au-CNT probe.  
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5.3.4 Fracture Mechanisms in the Plastic Deformation Region  
 
Figure 5-22 shows the SEM images of the Pd and Au metallised CNT contacts after 1000 and 2500 
touchdowns, in the plastic region (50 µm over-travel) to investigate mechanical limitations. The 
deformation, induced after cyclic loading, showed the splitting of strands of the CNT-metal outer shell-
wall along the edge of the probe and lateral expansion of the CNT-metal shell (Figure 5-22b-g). It was 
observed that the CNT forest within the probe remain intact (Figure 5-22c and g), which could explain the 
stable contact resistance beyond the elastic region when probes were over-travelled up to 60 µm. 
Additionally, the branching of CNTs across large cracks is observed possibly helping the high aspect ratio 
hybrid structure retain its shape under compression. Au metallised probes, however, (Figure 5-22k-n) 
showed buckling without lateral expansion (Figure 5-22m and n); this is probably due to a more porous 
internal structure of the probe. It should be noted here that, the tip of the Au metallised CNT probes did 
not show any apparent deformation/damage, we believe this is because of the presence of Au metal at 
the tip which provided rigidity, while the rest of the body is compressed and buckled. Considering (i) the 
deformation observed in the SEM micrographs and (ii) the good low contact resistance obtained for 
shorter over-travel distances, the over-travel could be reduced below 50 µm (to 25-30 µm) and still a low 
contact resistance can be achieved, with reduced plastic deformation and increased durability/longer 
lifetimes of the probes.  
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Figure 5-22. (a-h) Top-cap and sides metallised (500 nm) Pd-CNT probes after cycling testing for (a) 1000 touchdowns, (e) 2500 
touchdowns. After 1000 touchdowns, lateral expansion (c) and tearing along the edge of the probe (b) of the side walls as well as 
micro-cracks (<1 µm) within the body of the probe (d) observed after 1000 touchdowns. Further touchdowns resulted in the 
enlargement of the micro-cracks (f) and further lateral expansion of the sidewalls causing detachments of the inner shell (g). (h) 
is an example of “branching” of CNTs across a large crack. (k-n) Top-cap metallised (500nm) Au-CNT probes after cyclic and 
increasing loading, (k) is after 1000 touchdowns with 50 µm overdrive after contact, (l) 2500 touchdowns. (m) is a zoomed-in 
image, showing the buckling effect under low over-travel (< 50 µm). (n) is a 125 µm over-travelled probe edge showing complete 
buckling without lateral expansion. It should be noted here that there is no apparent damage/deformation to the surface of the 
probe. Different probes were used for each test. Tilt angle is 80o 
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5.3.5 Working Towards Industry Standards  
 
The average contact resistances of 500 nm Pd metallised CNT micro-contacts measured from 20 
different probes with different pitches are summarized in Table 5-4. Pd was chosen as the candidate 
metallisation metal to test further due to its ability to form good ohmic contacts with low contact 
resistance as demonstrated in the previous sections. Wafer level testing requires pitches below 200 µm, 
therefore, it is important to consider the performance of very small pitch arrays. Due to the experimental 
limitations discussed in Chapter 3.4.2, below 200 µm pitch arrays were tested under constant loading with 
small over-travel (< 20 µm). It should be noted here that the pitch and the cross-sectional area of the 
micro-contacts are two different parameters. In other words, it is possible to have a 50 µm pitch array of 
probes with 200 µm x 200 µm cross-sectional area. The contact resistance for a 400 µm x 400 µm contact 
is 0.24 Ω ± 0.01 and increased by a factor of 2 with every doubling of the width of the CNT contact width, 
up to 4.54 ± 0.35 for a 50 µm x 50 µm contact. The resistance/cross-sectional area values reported here 
are lower than the Ag-CNT-Ag study reported by Gopee et al.240 This could be attributed to the better 
wetting properties of the Pd compared to Ag.  
Table 5-4. Summary of the lowest contact resistance achieved for a 500 nm Pd metallised CNT microcontact with different cross-
sectional areas and pitches. Once the contact was made, CNT micro-contacts were compressed 20 µm before the I-V 
measurements were taken.  
Pitch (µm) Cross-sectional Area (mm2) Contact resistance (Ω) Standard Deviation (Ω) 
50 0.0025 4.54 0.35 
100 0.01 1.92 0.12 
200 0.04 0.54 0.03 
400 0.16 0. 24 0.01 
  
Initially, the number of touchdowns were kept to 2500 to test the endurance and the repeatability 
of the contacts; however, industry standards require many more touchdowns (towards 100,000). The CNT 
contacts discussed in this chapter have stable, low contact resistance (for example, for a 200 µm x 200 
µm contact area), they have up to 5 % compliance and up to 10-12 % compressibility with stable electrical 
contact resistances and finally good charge carrying capacities (tested up to 1A). All these parameters are 
very crucial and not too far from solid rigid contactors that are being used in micro-probing industry today. 
Therefore, it was important to increase the number of touchdowns for each type of probe and investigate 
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the change in the contact resistance over time. Similar to the smaller scale touchdown evaluation 
discussed in Figure 5-20, 5 probes were chosen for each combination and 25,000 touchdowns at 50 µm 
over-travel were performed before the contact resistances were measured and averaged. In total, 
125,000 touchdowns were recorded for each metallisation type. Instead of probing a single CNT micro-
contact 100,000 – 125,000 times, we decided to probe 5 randomly chosen probes 25,000 times to 
establish the repeatability of the contact combined with the endurance. The results are shown in Figure 
5-23. Due to a large number of data points, only every 200th data point is shown in Figure 5-23. It should 
be mentioned here that; each probe was tested in the plastic region by over-travelling them by 50 µm 
once the contact was established. The degradation of the electrical contact resistances remained below 5 
% after 25,000 touchdowns, with thicker metallisation layer showing more stable touchdowns.  
 
Figure 5-23. 25,000 touchdowns testing of metallised CNT contacts. For each type of metallisation thickness, 5 different probes 
were tested, and touchdown contact resistances were averaged. Only every 200th data point is displayed in this graph to be able 
to show the variance more clearly.  
A micro-spring micro-spring contact (Au plated, Al body) produced by Smiths Interconnect (Volta 
SeriesTM – 300 µm pitch – lowest pitch achieved) has contact resistances around 100 mΩ, charge carrying 
density of up to 2A and touchdown lifetime of over 500,000 with spring forces of 17.50 gf. This spring 
probe has a diameter of 80 µm however, the contact area is not an actual area of an 80 µm due to the 
concave 4-point crown shape of the micro-spring shown in Figure 1-2. If you assume that the area of 
contact is half a sphere then by 2𝜋𝑟2 where r is the radius of the circle, the contact area is equal to 0.04 
mm2, same cross-section area of a 200 µm x 200 µm CNT-Pd micro-contact. This type of a CNT-metal 
contact has shown to have comparable contact resistances as discussed above, tested up to 1A at room 
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temperature without degradation in performance with good ohmic contact and shown to have spring 
forces up to 14 gf as displayed in Figure 5-17. All these parameters are very close to an existing solid-metal 
micro-spring contact. The biggest advantage CNT-based probes have over traditional micro-springs is the 
ability to reduce pitch below 200 µm with ease and the possibility to produce thousands of probes 
simultaneously on-chip. Where CNTs fall short is the mechanical compliance. A Volta series probe has 
mechanical compliance of up to 250 µm, this is due to the presence of a stainless-steel spring between 
the barrel and the plunger as illustrated in Figure 1-3. The full length of the micro-spring is 4.2 mm and it 
is made of more than one component. When the compliance is compared to full length, the spring probe 
has 6 % compliance (250 µm over-travel capability). Whereas, a CNT-metal probe is shown to have up to 
5% compliance (up to 20-25 µm) compliance. When compliance % is considered, the elasticity of the two 
types of probes are comparable however in terms of elastically recoverable distance under compression 
favours the solid-metal type of springs. Therefore, there needs to be a third design element introduced 
to the CNT-metal hybrid probe structure to provide the extra compliance required without the expense 
of the low contact resistance achieved. Additionally, the contact resistance achieved for a 200 µm x 200 
µm CNT-Pd micro-contact is four times larger than a micro-spring probe. This can be considered as the 
second shortcoming of a CNT-based micro-contact. Next section discusses the strategies that can be used 
to improve the electromechanical performance of the CNT based probes.  
 
5.3.6 Strategies for Improving the Electromechanical Performance  
 
As discussed in the previous section 5.2.4, when vertically-aligned, CNTs act as individual resistors 
connected in parallel, with possibly several conduction channels for each CNT. Therefore, in order to 
improve the conductivity of the probe structures increasing the number of CNTs per area could be an 
option. Iijima's group reported that more than 96% of their as-grown CNT forests is empty space.303 In our 
study, we reported 97.6% porosity for an as-grown CNT forest.174 The difference could be the result of the 
higher CNT areal density reported in our study.  Nevertheless, the CNT forest is a very porous structure. 
Therefore, a post-growth densification process can be applied to increase the areal density of carbon 
nanotubes to improve the electrical properties. Densification is carried out by either immersing CNT 
forests in organic solvents such as IPA or acetone and then drying them or exposing them to solvent 
vapour; resulting microstructures resemble nails, volcanoes, stalagmites.293,311 The densification 
mechanism is explained by the capillary forces pushing CNTs towards each other and then as the liquid is 
dried out the CNTs are stuck together due to Van der Waals forces.311   
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Figure 5-24 shows the densified CNT probes. 30 ml acetone was poured into a small beaker and 
placed on a hot plate. As-grown CNTs on Si were then placed upside down on top of the beaker using a 
petri dish. Arrays of CNT forest with a 100 µm x 100 µm cross-sectional area were exposed to acetone 
vapour for different lengths of time. Figure 5-24a-b shows the CNT probes densified for 10 min at 40 oC.  
After densification, the CNT probes were compacted to ~59 % less area at the most densely packed cross-
section whilst still retaining the regular array structures and the pitch. Increasing the exposure time to 20 
min further reduced the most densely packed cross-section area by ~79 % (Figure 5-24c-d). The probes 
were still in alignment and standing upright, even though the biggest reduction in area is towards the 
base. The blue shaded area in Figure 5-24d exhibits the densified section of the 100 µm x 100 µm probe 
showing the significant reduction in the area that the same number of CNTs cover before densification. It 
can be seen the high-resolution image (Figure 5-24e) that, CNTs are more densely-packed even though 
the vertical alignment is slightly distorted in certain sections. Moreover, there is still large empty spaces 
present between CNTs indicating there are still opportunities for further improving the densification 
process. This may be done by improving the CNT alignment during densification or using a different 
solvent/liquid with higher surface tension so that the capillary forces acting on the CNTs would be higher. 
However, there is also a risk of collapsing of the CNT structure due to the high aspect ratio. For example, 
further densification for 30 min at 55 oC resulted in collapsing of the CNTs columns as shown in Figure 
5-24 f-g, due to the characteristic high aspect ratio of the array layout and the fact that the probes densify 
faster (higher vapour pressure) in the middle section of the probe compromising the structural stability 
as displayed in Figure 5-24 a-d. This stands out as a limitation especially when smaller probe structures 
are considered, however, reducing the cross-sectional area by almost 80% whilst retaining the probe 
structure and the CNT alignment is still a significant outcome achieved by the densification process, which 
can increase the network conductivity.  
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Figure 5-24. SEM images of the structures of densified CNT probes. (a,b) densified probes after 10 min exposure to acetone vapour 
at 40 oC. 100 µm x 100 µm cross-sectional area reduced by ~59% at the most densified cross-section. (c-d) Another sample from 
the same batch densified for 20 min. at 40 oC. 100 µm x 100 µm cross-sectional area reduced by ~79% at the most densely packed 
cross-section. Blue shaded areas represent the reduction in area. (e) High-resolution image of the side surface of the most densified 
section showing the closing of gaps between CNTs due to capillary forces acting on the CNTs. (f-g) An over-densified array of 50 
µm x 50 µm cross-sectional probes densified for 30 min at 55 oC under acetone vapour. Due to the very high aspect ratio, the 
probes collapsed.   
 
Another approach to improve the electromechanical properties of CNT-metal hybrid systems is 
introducing a third design element, such as an elastomer, to increase the mechanical robustness, without 
losing the low electrical contact resistance. Yaglioglu et al.279 showed that, by using conductive epoxy, 
CNTs can be made stronger by up to 500 times compared to as-grown CNT columns. It was observed that 
the epoxy penetrated the column whereas silver particles stayed at the root. However, this method is 
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used to transfer to CNT columns onto a conductive substrate and resulted in much lower yield and 
disruption of the CNT array and the average contact resistance was higher compared to a metallised CNT 
micro-contact tested in 5.3.3. This approach is discussed in more detail in Chapter 6.7.  
5.3.7 Reducing the Pitch below 50 µm: Geometrical Limitations of CNT Micro-contacts 
 
One of the aims in the micro-contacting industry is to reduce the array pitch below 50 µm. When 
CNTs are considered, reducing the pitch of the catalyst array down to a few micrometres is a 
straightforward process via photolithography. In fact, it could be reduced to even below micron. Figure 
5-25 shows arrays of patterned Fe catalyst on a Si substrate with different width fabricated via electron-
beam lithography (EBL) method. The width varied between 2.5 µm to 100 nm, the pitch and the width for 
each array are kept identical. The substrate structure (100 nm TiN/10 nm Al/3 nm Fe) is also kept the same 
as previous samples fabricated via the photolithography method (see Chapter 5.2.1).  
 
 
Figure 5-25. An SEM image of the catalyst patterned via electron beam lithography (EBL) on a Si substrate with various squares 
with different widths; (i) 2.5 µm (blue), (iii) 1 µm (red), (iii) 500 nm (green) and (iv) 100 nm (purple). The substrate structure is kept 
identical to the samples prepared via photolithography. 100 nm TiN sputtered on Si and then 10 nm of Al and 3 nm of Fe e-beam 
evaporated. The pitch and the width of each array are kept the same.  
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After the catalyst is prepared, a typical PTCVD growth is performed, the same recipe as at 5.2.2. 
using a similar recipe discussed in this chapter. Figure 5-26 shows the SEM images of the as-grown CNTs. 
It is observed that as the width of each set of an array of catalyst gets smaller, the vertical alignment of 
the CNTs is lost at shorter lengths due to bending and buckling. For example, when the catalyst pad square 
width is 2.5 µm ( Figure 5-26-i) the alignment is preserved for more than 10  µm in length compared to 1 
µm catalyst pad width for which the CNT vertical alignment is lost after the CNT length reached ~4 µm ( 
Figure 5-26-iii). Smaller catalyst pad widths (<1 µm) resulted in even earlier disruption of the CNT 
alignment with 100 nm width pad showing very little growth. However, it is noted here that this could be 
the result of the difference in the catalyst activity. The edge/area ratio gets much larger as the catalyst 
pad width gets smaller. This could mean that catalyst particle size after annealing could be different for 
each pad width affecting the growth. In other words, 5 min anneal could be too long for 100 nm width 
catalyst pad but optimum for the 2.5 µm width pad. This should be confirmed with AFM measurements 
as future work, similar to the study conducted in section 5.2.3 by estimating the annealed catalyst 
nanoisland size. The overall CNT length achieved is 200 µm as shown in Figure 5-26c. It can be concluded 
here that the maximum ratio of 4:1 (CNT length: CNT column width) should be considered as a design 
parameter for VA-CNT based micro-contacts for CNT column widths of >1 µm. Ahmad et al.73 deposited 
CNTs in vias on Si with cross-sectional areas of 5 x 5 µm and 10 x 10 µm CNT columns. Even when grown 
in vias, these CNT columns started to lose their vertical alignment when grown above 25-30 µm. This 
supports the 4:1 ratio parameter. Nevertheless, this is a geometrical limitation when below 50 µm 
pitches/probe widths are considered. It could be possible to increase the alignment via an applied electric 
field if the CNTs are metallic, achieving CNT lengths > 100 µm with good vertical alignment would still be 
a challenge. Another solution to this problem could be laser etching a grown CNT forest. Elmer et al.312 
showed that it is possible to directly pattern a vertically aligned carbon nanotube forest down to an array 
of 20 µm pitch using focused laser beam micromachining with aspect ratios greater than 20:1. However, 
no quality evaluation of the patterned CNTs that could confirm that the CNT surfaces were of 
debris/amorphous carbon free were reported. Finally, increasing the CNT areal density could be another 
approach to consider to improve the alignment in very small pitch, high-aspect-ratio CNT pillar deposition.  
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Figure 5-26. SEM images of the arrays with different width after the CNT deposition. For each array, the pitch and the width of 
the pads are the same. (a) an overview image of the CNT growth for (i) 2.5 µm width (pitch) array, (ii) 500 µm width (pitch) array, 
(iii) 500 nm width (pitch) array and (iv) 100 nm width (pitch) array. (b) 2.5 µm width (pitch) array after growth showing the 
disruption of the vertical alignment of the CNTs after a certain length. (c) is a 10 µm width catalyst pad with CNTs grown almost 
200 µm in length. Similarly, the vertical-alignment is lost due to the very high ratio of the CNT length achieved vs column cross-
sectional area. The sample is annealed at around 400 oC for 5 min under 100 sccm H2 at 10 Torr before C2H2 is bled in at a 25 sccm 
flow rate. The growth is performed for 5 min.  
 
5.4 Conclusion 
 
In summary, in this chapter, it has been demonstrated that VACNT-metal composite, compliant 
micro-probe structures can be a realistic substitute for current micro-contacting technologies. The process 
does not require a transfer of probes on to conductive substrates and is highly scalable, allowing for the 
patterns of fabrication of thousands of probes, with precise pitch control. The critical findings of this 
chapter are listed below.  
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• The fabricated micro-contacts have a compliance of up to 25 µm, with contact resistances as low 
as 0.46 Ω (3.6 kΩ/µm, CNT network resistivity of 1.8 x 10-5 Ω cm) for a 200 x 200 µm cross-section 
area with a 200 µm pitch (see Chapter 5.2.4), revealing one of the lowest values reported to date 
across comparable geometries.  
• CNT contacts were successfully tested for 25000 touchdowns, across 5 random probes, at 50 µm 
over-travel. The electrical contacts are repeatable and reproducible. It is observed that the 
metallisation morphology and thickness affect directly the electromechanical properties of the 
CNT probes. Cyclic and compression electromechanical tests showed that only metallising the tip 
of the CNT forests with Au did not provide extra compliance; the structure proved to be too 
porous with a low elastic modulus (~7.6 MPa). Top-cap and sides metallised Pd-CNT probes 
provided good stable contacts, however under increased strains they exhibited a lateral 
expansion of the probe shell because of the tearing along the edges due to plastic deformation.  
• CNT-based-metal hybrid probes are comparable to solid metal micro contactors, with easily 
scalable fabrication and precise pitch control, exhibiting greater potential for their utilisation in 
miniaturised contact technologies. Additionally, these hybrid structures may also be used as shock 
absorbent interconnects, conductive micro-springs and compliant thermally-stable interfaces. 
Finally, the limitations with regards to aspect ratio geometries to 4:1 ratio (height: width) and 
possible strategies such as densification to increase the electromechanical performance of the 
CNT based probes are discussed.  
In future, the research should be furthered by increasing the strength/stiffness of the probes and 
by better understanding the addressability of individual probes, as well as the planarization effect (perfect 
planarization assumes that all probes make simultaneous contact with the device under test) of an array, 
tackling the current challenges associated with contacting applications and allowing to test micro/nano Si 
devices at wafer level. 
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6 Directionally-oriented CNT/PDMS Films as Wearable 
Strain Sensors and Compliant Contacts  
 
In this chapter, a method is described which allows for the application of as-grown CNTs as, highly 
stretchable, conductive CNT-PDMS nanocomposite films whilst maintaining the vertical alignment of the 
CNTs. Additionally, an extra “rolling” step of the CNTs on the substrate before the transfer also enables 
to produce horizontally-aligned CNT (HA-CNTs)-PDMS nanocomposite films. Produced CNT-PDMS films 
are highly stretchable and conductive, therefore their usability as wearable strain sensors for human 
motion monitoring applications is also demonstrated by mounting them on human subjects and 
monitoring various motions such as finger bending, frowning, swallowing as well as physiological 
parameters such as pulse rate surveillance. Composite films are subjected to various dynamic mechanical 
deformation and their electrical responses such as gauge factor (GF), electrical hysteresis and frequency 
response are measured. Long-term mechanical durability of the sensors is also investigated before testing 
them on skin. Sections of this chapter are published here.313 Some text and the figures are reproduced 
with permission.  
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The findings in Chapter 5 demonstrated that when used as compliant micro-contacts, metallised 
CNT pillars possess comparable electrical properties to the current solid contactor technologies; however, 
the mechanical robustness was proven to be lacking due to the highly porous nature of the CNT forest, 
resulting in mechanical failure of the micro-probes before the contact resistances showed instabilities. 
Therefore, a solution is to add a third material design element that provides mechanical resilience to the 
existing CNT-metal combination. This chapter explores the possibility of introducing PDMS as an 
elastomer that can improve the mechanical robustness and the compliance of CNT-metal micro-contacts. 
However, as PDMS is an insulating polymer, this results in an increase of the contact resistance, as 
discussed further in section 6.7. These structures are tested as composite films since making arrays of 
high-aspect-ratio micro-contacts were proven to not be a successful route.  
6.1 Introduction  
 
Carbon nanotubes (CNTs) have been used broadly as strain sensors, actuators and also in flexible 
electronics due to their exceptional mechanical and electronic properties.21,314 The concentric-graphene 
layered nature of CNTs permits internal conductive channels which can be disturbed easily when 
stretched and compressed, exhibiting a measurable electrical signal change.51 Lately, there have been 
several studies combining the CNTs with elastomers for strain and pressure sensing 
applications.20,22,317,318,26,28,29,34,191,197,315,316 Cohen et al.197 fabricated percolating CNT networks on silicone 
elastomer via laser etching and filtering, with good stretchability (up to 100 %) but with low GF (<0.99). 
Song et al.189 reported a GF value of 4739 via a CNT-to-CNT contact, fabricated on Si electrodes fixed on a 
PDMS substrate, however, the applied strains were below 23%, limiting the application range; 
additionally, processes such as photolithography and reactive ion etching (RIE) were employed which are 
expensive cleanroom practices. Similar results are reported recently where studies show either good 
stretchability (> 50%) or high sensitivity  (GF < 50) but not both at the same time. 20,34,191,319 Zhou et al.28 
achieved GFs up to 107 at 50 % strain, for a CNT-based EcoflexTM film via the fragmentation of the CNT 
film, but these films showed slow response times of the order of a few seconds restraining the potential 
applications for human motion detection. Very recently, Chen et al.29 reported highly sensitive (of up to 
1666 GF) CNT-Ecoflex films with very good stretchability (> 100 %) however, these films are engineered 
by strong acid etching (sulfuric acid) of the expensive ecoflex substrate and relied on sandwiched 
structures which are not as mechanically robust as nanocomposites subjected to shear stresses. 320 
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Hecht et al. 321 showed that the conductivity of a CNT bundle highly depends on the bundle 
orientation and on the individual CNT length as illustrated in Figure 6-1. Firstly, they demonstrated that 
when CNTs are aligned in parallel to the electric current direction the conductivity was higher (up to two 
folds) due to having a fewer number of CNT-to-CNT junctions compared to a randomly arranged CNT 
network.  Additionally, increasing the CNT length to up to 30 µm in the bundles increased the conductivity 
even further.  
 
Figure 6-1. The argument for the dependence of the conductivity of SWCNT networks on the average bundle length and diameter. 
(a) Longer tubes lead to fewer junctions across a given surface, which leads to higher conductivity. Circles represent the nanotube-
to-nanotube junctions. (b) Parallelly aligned-bundles of CNTs result in higher conductivity compared to randomly placed junctions 
where Rjct is independent of bundle diameter. Reproduced from Hetch et al.321 with permission.   
Linking this hypothesis to the working mechanism of highly stretchable sensors, achieving an 
aligned CNT structure will provide a more conductive nanocomposite film which then could increase the 
sensitivity. For example, Pu et al.322 reported that 2D end-to-end conductive network MWCNTs realized 
in a copolymer matrix resulted in 125 times higher GF values (GF of up to 248) compared to randomly 
aligned networks at very small strains (5%) but these sensors were only tested up to 20% tensile strains. 
Furthermore, Lee et al.193 very recently showed that overlapping CNTs on an elastomer (EcoflexTM) could 
result in very high GF values (GF = 42300) at large strains 125-145% based on the separation of the 
overlapped CNTs, however, these sensors had large electrical hysteresis.17 This could result in a decrease 
in sensitivity over time. As discussed in the design consideration section in Chapter 1.4 and in Chapter 2.6. 
Finally, similar results are reported here for a carbon nanofiber (CNF)-PDMS based stretchable sensors.211  
In this chapter, we propose a simple, cost-effective process to form CNT-PDMS hybrid films with 
directional CNT orientation within the PDMS matrix. This method allows retaining of the CNT orientation, 
horizontal or vertical, which enhances the film’s robustness and directional sensing abilities. Most of the 
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previous CNT-based sensors discussed above are fabricated through expensive and complex processes, 
without the ability to control the CNT alignment. Additionally, CNTs are deposited on to flexible substrates 
via filtering, spraying or printing rather than forming a nanocomposite structure.20,29,34,191,319 It is shown 
here that, with this method, the CNTs can be aligned in either vertical or horizontal directions within the 
PDMS matrix. This increases the durability and the robustness of the devices, whilst the directionality of 
the CNTs affects the sensing abilities due to the difference in the electromechanical response under 
tensile and compressive strains. To our knowledge, this is the first study in which CNTs are aligned in both 
horizontal and vertical directions in an elastomer and tested for mechanical robustness and 
electromechanical performance. GF values of up to 594 at 15% and 65 at 50% tensile strains are 
demonstrated, depending on the CNT orientation. This is one of the highest combinations of the 
stretchability-sensitivity values reported for nanomaterials-PDMS based strain sensors. Moreover, it is 
shown that the composite films have tensile stresses over 4 MPa at 50 % strains and show no mechanical 
or sensitivity degradation after over 6000 cycles with fast response (as low as 130 ms) and good recovery 
times (between 0.5 – 2 s). 
6.2 Experimental Section 
6.2.1 CNT Growth on Al2O3 substrate 
 
PTCVD method is used for the CNT growth; the details of this system are described in Chapters 4. 
CNT growth is carried out on Al2O3 substrates (5 cm × 5 cm), where a 3 nm Fe-catalyst layer is evaporated 
onto a 10 nm of Al wetting layer. The PTCVD system is operated at 55% optical power which corresponds 
to 420oC substrate temperature measured via a pyrometer. The catalyst is annealed for 5 min under 100 
sccm H2, followed by 10 min growth 100 sccm H2 and 25 sccm C2H2 at 10 Torr pressure. After 10 min, the 
C2H2 is cut off but the lamps are kept on for an extra minute to avoid a layer of amorphous carbon building 
on the CNT forest. As-deposited CNTs are vertically-aligned, multi-walled, metallic CNTs, with an average 
length of 450 µm (Figure 6-2a).  
6.2.2 Fabrication of the Directionally-aligned CNT-PDMS composite sensors 
 
PDMS is chosen as the elastomer due to its high elasticity, good response to fast speed strains, 
inertness and non-toxic nature.17 It is also cheaper than Ecoflex. PDMS (Sylgard 184 Silicone Elastomer Kit, 
Dow Corning) is prepared by mixing the prepolymer and the curing agent with 10:1 ratio and degassed for 
30 min under vacuum. Spin coating of the PDMS is performed in sequence to maintain either the vertical 
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or the horizontal alignment. The sequence is as follows: 250 rpm for 30 s, 500 rpm for 30 s, 1000 rpm for 
1 min, 3000 rpm for 1 min and 4000 rpm for 1 min. CNT-PDMS composite films are cured at 85oC for one 
hour. VA-CNT-PDMS sensors are fabricated by spin coating (Figure 6-2a-i) PDMS on to an as-grown CNT 
forest on the substrate, and then peeling off of the film (Figure 6-2a-ii) from the substrate with the help 
of a blade. As-grown vertically-aligned CNTs on alumina substrates are flattened using an 8 mm diameter 
hollow metal rod (Figure 6-2b-i) to achieve horizontal alignment of the CNTs. The metal rod is placed in 
the centre of the substrate and rolled towards the edge in opposite directions so that alignment would 
be along one axes and wouldn’t be interrupted during spin coating due to PDMS’s centrifugal force. The 
process is repeated a few times to achieve a dense continuous horizontal film. Then, the PDMS is spin 
coated (Figure 6-2b-ii) and cured as described above, before the HA-CNT-PDMS nanocomposite film is 
peeled off from the substrate (Figure 6-2b-iii). Finally, films are cut into 5 mm x 20 mm rectangles using a 
blade. The final thicknesses of the films are ~400 µm for VA-CNT-PDMS and ~200 µm for HA-CNT-PDMS 
films measured via imaging from the cross-sections using the SEM.  
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Figure 6-2. Fabrication of directionally oriented CNT-PDMS films: (a) The workflow for the VA-CNT-PDMS. VA-CNTs are deposited on Al2O3 substrates, followed by the spin coating 
of the PDMS (i). Then the nanocomposite film is peeled off using a blade (ii). (iii) Stretchable VA-CNT-PDMS strain sensor (b) HA-CNT-PDMS films are fabricated by rolling a hollow 
metal rod away from the centre of the substrate across an axis. The rolling process is repeated a few times to densify the CNT film in the horizontal direction. (ii) PDMS is then spin-
coated before it is peeled off from the substrate (iii). (iv) is the final stretchable HA-CNT-PDMS film. Spin coating of the PDMS is performed in sequence to maintain either the vertical 
or the horizontal alignment. 
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Figure 6-2a-b schematically depicts the fabrication process of the directionally-aligned CNT-PDMS 
hybrid strain sensors. The alignments of the CNTs in the vertical (Figure 6-2a) and the horizontal (Figure 
6-2b) directions respectively are retained after nanocomposite strain sensors are fabricated. In both cases, 
PDMS causes CNT films to densify due to capillary forces. In HA-CNT-PDMS films, the CNTs fold as bundles, 
forming a scale-like structure when rolled, as shown Figure 6-2b-iv; it indicates that there is a surface 
region at the top of the as-grown CNT films which behaves as a fused region. It should be noted here that, 
when the CNTs are grown on Si wafers, the rolling method does not work due to lack of adhesion between 
the Si substrate and the CNT film resulting in sections of the CNT films detaching from the substrate during 
rolling. The Al2O3 substrate is much rougher (see Figure 4-4 for the surface roughness analysis of Al2O3 
substrate) than a standard polished Si substrate, which could have provided the better adhesion between 
the CNT film and the substrate.  
 
Figure 6-3. (a) A FIB cross-section of the HA-CNT-PDMS film showing the horizontal alignment after the transfer, (b) zoomed-in 
high-resolution SEM image of HA-CNTs pointing towards the rolling direction. (c) is the normalised Raman spectra of the CNT films 
before spin-coating the PDMS. The spectra show the characteristic Raman bands; a D peak at around 1340 cm-1, a G peak at 
around 1580 cm-1 and a distinct 2D peak at around 2690 cm-1. When the rolling process is repeated many times, a small increase 
in the ID/IG ratio is observed which is an indication of induced structural defects. 
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Figure 6-3a is FIB cross-section of the HA-CNT PDMS film after the transfer. A gold coating is 
evaporated on the film to prevent electron charging to perform the milling. It is observed that the 
horizontal alignment is retained after the PDMS is spin-coated and the film is removed from the substrate, 
as demonstrated in the Figure 6-3b, the CNTs are pointing towards the rolling direction, confirming the 
effectiveness of the rolling process.  
Raman Spectroscopy is employed to quantify the quality of the as-grown CNT columns, using a 
532 nm laser wavelength, with a ~1µm spot size and a 100x objective. The power density of the laser is 
kept below 70 µW/µm2 to prevent the heating-induced damaging of the sample and thermal shifting of 
the peaks.323 The scanned range is from 50 to 3500 cm-1, to include all the first and second-order 
resonance typical Raman features of CNTs. For each sample, 5 spectra are collected, and ID/IG ratios are 
averaged. The quality of as-deposited CNTs before and after rolling is evaluated, shown in Figure 6-3c. The 
as-grown CNTs had an ID/IG ratio of 0.76 (spectrum collected from the top of the CNT forest), whilst after 
flattening is increased to 0.97. A subsequent number of rolls did not change this ratio outside the standard 
deviation. Whilst defects may have been introduced during the bending and stretching of the CNTs, it is 
also possible that the top of the CNT forest may have a higher intrinsic quality than the bulk of the CNT 
forest due to the way the growth process is terminated174 as discussed in Chapter 5.2.3 in Figure 5-7.  
Before electromechanically characterising the CNT-PDMS strain sensors, the corresponding SEM 
images of the HA-CNT-PDMS and VA-CNT-PDMS strain sensors are shown in Figure 6-4a-c and Figure 6-4d-
g respectively. They reveal that aligning the CNTs horizontally on the substrate before embedding them 
in the PDMS generates scale-like features on the CNT film along the stretching direction (Figure 6-4a), as 
discussed before in Figure 6-2. Throughout the film, the CNT scale-like feature width varies between 5-
200 µm. Additionally, as can be seen in Figure 6-4b, the PDMS elastomer also densifies sections of the 
CNT film. As previously discussed in section 5.3.6, densification is a well-known practice to improve the 
electrical and mechanical properties of CNTs.293,324 Moreover, the buckling effect is observed (Figure 6-4c) 
which we could provide the extra sensitivity and the mechanical compliance when sensors are subjected 
to strains. Creating buckled structures for initially rigid materials has been a widely used strategy in flexible 
sensors.181,325,326 VA-CNT-PDMS composite sensors displayed similar morphology but in the vertical 
direction, as seen in the cross-section image in Figure 6-4d. Similar to HA-CNT sensors, the spin-coated 
PDMS densifies certain parts of the VA-CNT film resulting in discontinuous sections within the sensor. The 
areas closer to the surface of the films are continuous and uniform. It can be expected that the VA-CNT-
PDMS sensors are sensitive to small strains since small strains would interface with the electron transport 
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path closer to the surface. The sensing mechanism and the morphology of both types of sensors under 
tension and compression are discussed in the following section.  
 
Figure 6-4. Detailed SEM images of the CNT-PDMS sensors, (a-c) HA-CNT-PDMS sensors, (d-g) VA-CNT-PDMS sensors. (a) A 
schematic of the forces acting on the strain sensors under mechanical deformation(d) an SEM image of HA-CNT-PDMS sample 
from the top showing the formation of scale-like features and suspended CNT-PDMS composite fibres across different size valleys. 
(e) zoomed in image of the suspended fibre across the valley, showing the aligned CNTs within the matrix and the effect of 
densification. (f) The buckling effect of the suspended fibres, providing mechanical compliance. (g) is the cross-section SEM image 
of the VA-CNT-PDMS sample demonstrating the densification induced formed pores within the elastomer. (h) is the appearance 
of the surface of the VA-CNT-PDMS samples exhibiting the vertical-alignment of the CNTs. (i) zoomed in image of the densified 
area, showing the buckling of the aligned CNTs. (j) a detailed image of (i), exhibiting the buckled structures. 
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6.3 Mechanical Strength of the CNT-PDMS Films Under Cyclic Uniaxial Stresses   
 
After the sensors are produced, their mechanical properties are tested. The advantage of forming 
a nanocomposite film rather than forming layered or sandwiched structures is being able to achieve 
mechanical strength and elastic properties under shear strains.7,327  
Electromechanical characterisation of the composite films is carried out using a reconfigured 
setup described in detail in section 3.4, consisting of a high-precision, ultra-low load, single-point load cell 
(Tedea-Huntleigh 0.3 kg with a load cell amplifier) attached to a motorised z-stage (Thorlabs 300 mm DC 
Servo Stage with TDC 001 controller, controlled via Kinesis© software), a displacement laser (Keyence LK-
G) and a source/measure unit. For tensile stress-strain tests, CNT-PDMS films are affixed between a base 
stage and a motorized stage via Cu clamps. Compressive stress-strain tests are performed with a 4.5 mm 
diameter flat, polished Cu top contact (again attached to the motorised stage). Electrical measurements 
are performed by four-point resistance measurements using an Agilent B2902A. Electrical signal 
measurements used for human motion detection tests are performed by two-point resistance 
measurements by attaching two standard wires on the CNT-PDMS films using silver paste. All electrical 
resistance signal measurements are performed at a constant voltage of 2.5 V.  
Figure 6-5 illustrates the mechanical evaluation of the fabricated strain sensors for human motion 
monitoring applications which demand mechanical durability and compliance under high dynamic 
strains.17,21,175,328 Firstly, Figure 6-5 (a) and (d) are the in-situ images of the HA-CNT-PDMS and VA-CNT-
PDMS sensors captured when subjected to tensile stresses. The morphologies of the films are 
considerably different, due to the horizontal alignment as depicted above in Figure 6-5 (a, b), it is observed 
that scale-like features that are present due to the rolling of the CNTs. Under tension, these scales expand 
(Figure 6-5a) discussed in detail in Figure 6-8 later, whereas VA-CNT-PDMS sensors exhibit a more uniform 
and continuous surface (Figure 6-5d). Figure 6-5(b) and (c) show the cyclic tensile loading of the films at 
50% strain with a strain rate of 5mm s-1. Firstly, it is noticed that more force is required (> 4 MPa) to stretch 
the VA-CNT-PDMS sensors compared to HA-CNT-PDMS (~ 2.5 MPa), which can be explained by the 
apparent morphology of the films described above. Kim et al.329 reported tensile strengths up to 8 ± 2 
MPa of 1 wt. % CNT-PDMS nanocomposite films and showed that the tensile strength decreased with 
increasing CNT concentration; however, better dispersion and CNT alignment provided higher strength. 
Similarly, the aligned CNTs in our study appear to provide better load transfer to the filler materials under 
high strains. After 1000 cycles, the loading-unloading curves show that the films do not plastically stretch. 
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HA-CNT-PDMS sensors showed a slight decay (< 2%) in tensile strength as indicated by the 1000th cycle 
curve slightly shifting to a lower stress value; this could be explained by the slipping out of the suspended 
CNT-PDMS fibres across the scales, as discussed in the following section, as well as possible propagation 
of cracks/separation between the scales due to high strains.  
 
Figure 6-5. Mechanical characterisation of the CNT-PDMS films under tensile and compressive strains. (a) is an in-situ optical 
image of HA-CNT-PDMS film under tension showing the extension of the scale-like structure. HA-CNT-PDMS film under cyclic (b) 
tensile and (e) compressive strains. (d) is an optical in-situ image of the VA-CNT sample under tension. VA-CNT-PDMS film under 
cyclic (c) tensile and (f) compressive strains. 
It is also important to evaluate the performance under compressive stresses to understand the 
contact pressure limits of the sensors. In potential applications, these films are under multidirectional 
dynamic tensile and compressive stresses.20 Figure 6-5e and f show the mechanical behaviour of the 
sensors under cyclic compression forces, at 50% strains. As in the case of the tensile stresses, the elasticity 
of the films is stable, corresponding to pressures of up to 1 MPa. For both types of sensors, the loading 
and unloading curves showed similar results, with VA-CNT sensors showing more mechanical resistance 
to applied pressure. When subjected to 25% strain, HA-CNT films showed less than 48 KPa compression 
stress compared to 113 KPa of VA-CNT-PDMS films. This could be attributed to the more homogeneous 
and continuous surface of the VA-CNT films in which the load-bearing ratio is higher.289 However, as the 
strain is increased, contact stresses increase exponentially, resulting in two compression stages: the first 
stage (up to 20-25% strain, low Young’s Modulus < 200 KPa) and stage two, above 25% where the effective 
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Young’s modulus reaches up to 1.2 MPa. A cured, non-porous PDMS can have Young’s Moduli between 
0.4-3.5 MPa26; we believe the difference between the PDMS only film and the aligned CNT-PDMS 
nanocomposite films is because of the porous structure, as shown in Figure 6-2a and b. This is believed to 
be due to the densification effect of the PDMS polymer based on the capillary forces acting upon the CNT 
forest as discussed in the following sections. When the films are compressed, the air is squeezed out of 
the empty spaces within the film. Chen et al. 330 similarly showed the effect of porosity for randomly 
aligned CNT-PDMS nanocomposite films. Finally, Young’s modulus of human skin varies between 25-220 
KPa17, therefore the porosity in these films combined with the mechanical compliance can help imitate 
the elasticity of actual human skin.  
6.4 Raman Analysis of the Films Subjected to Cyclic Tensile and Compressive Loading 
 
The effect of cyclic loading of the nanocomposite films under high tensile and compressive strains 
is also investigated using Raman spectroscopy. Stress-induced deformation can cause an increase in the 
intensity of the D peak as well as cause the Raman bands to shift during deformation for composites with 
CNT/graphene as filler nanomaterials.331 For example, under strains, G and 2D bands of CNT/Epoxy 
composites tend to shift (downshift or redshift)225,331  
Figure 6-5 illustrates the mechanical evaluation of the fabricated strain sensors for human motion 
monitoring applications which demand mechanical durability and compliance under high dynamic 
strains.17,21,175,328 Firstly, Figure 6-5 (a) and (d) are the in-situ images of the HA-CNT-PDMS and VA-CNT-
PDMS sensors captured when subjected to tensile stresses. The morphologies of the films are 
considerably different, due to the horizontal alignment as depicted above in Figure 6-5 (a, b), it is observed 
that scale-like features that are present due to the rolling of the CNTs. Under tension, these scales expand 
(Figure 6-5a) discussed in detail in Figure 6-8 later, whereas VA-CNT-PDMS sensors exhibit a more uniform 
and continuous surface (Figure 6-5d). Figure 6-5(b) and (c) show the cyclic tensile loading of the films at 
50% strain with a strain rate of 5mm s-1. Firstly, it is noticed that more force is required (> 4 MPa) to stretch 
the VA-CNT-PDMS sensors compared to HA-CNT-PDMS (~ 2.5 MPa), which can be explained by the 
apparent morphology of the films described above. Kim et al.329 reported tensile strengths up to 8 ± 2 
MPa of 1 wt. % CNT-PDMS nanocomposite films and showed that the tensile strength decreased with 
increasing CNT concentration; however, better dispersion and CNT alignment provided higher strength. 
Similarly, the aligned CNTs in our study appear to provide better load transfer to the filler materials under 
high strains. After 1000 cycles, the loading-unloading curves show that the films do not plastically stretch. 
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HA-CNT-PDMS sensors showed a slight decay (< 2%) in tensile strength as indicated by the 1000th cycle 
curve slightly shifting to a lower stress value; this could be explained by the slipping out of the suspended 
CNT-PDMS fibres across the scales, as discussed in the following section, as well as possible propagation 
of cracks/separation between the scales due to high strains.  
 
Figure 6-6. (a-c) Visible Raman spectra of the composite films under different cyclic loading conditions, showing the effect of 
cycling loading on the deformation of the CNT fibres within the PDMS matrix. Under high compressive strains, up to 50% and low 
tensile strains ( < 20 %);  both HA-CNT-PDMS (a) and VA-CNT-PDMS (b) sensors’ ID/IG ratios remain within the standard deviation 
suggesting that no structural damage is introduced to the CNT fibres. However, when the tensile strains increased up to 50 (c), 
ID/IG ratios increased for both types with HA-CNT-PDMS (1.15± 0.04) showing larger ratios compared to VA-CNT-PDMS sensors 
(1.07± 0.04). The Raman data is collected from the tip of the CNTs for comparison, the measurements are repeated 5 times for 
each condition and averaged. The ID/IG ratios are calculated by fitting Lorentzian functions to calculate the positions and the 
intensities of the corresponding peaks.  
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6.5 Sensitivity and the Electromechanical Stability of the Sensors 
 
Skin-mountable, wearable sensors are expected to have a sensitivity range that can detect both 
large-scale and small-scale human motions 
 
𝐺𝐹 = (
∆𝑅𝜀
𝑅𝜀
⁄
𝜀
) 
(6-1) 
 
Where 𝑅𝜀  is the resistance of the unstrained gauge, ∆𝑅𝜀  change in strain gauge resistance due to axial 
strain, and 𝜀 is the absolute change in the length of the sensor divided by the original length.  
For example, when the HA-CNT-PDMS sensor is stretched 50%, then the GF value is calculated as;  
 
𝐺𝐹 = (
4777Ω
34.8Ω⁄
0.5
) ≅ 274 
 
(6-2) 
Figure 6-7 shows the change in the electrical resistance of the film and the sensitivity of the 
sensors subjected to both tensile and compressive strains, together with proposed conductivity model. 
The lowest film resistance measured for HA-CNT-PDMS is 34.8 Ω (2.18 Ω / mm2) and 51.9 Ω (3.24 Ω / mm2) 
for VA-CNT-PDMS films under no strain (discussed in section 6.7). Both types of sensors are tested to up 
to 50 % tensile and 55% compressive strains. Under tension, VA-CNT-PDMS sensors yield GF values over 
326 at 25% and 52 at 50% strain respectively (Figure 6-7a).  
Initially, CNTs are densely-packed and vertically aligned in the PDMS matrix, allowing for many 
possible electron pathways. When stretched by a length of  𝛥𝑙1 (Figure 6-7b), the CNTs start to separate 
from each other, resulting in a lower areal density; this then results in fewer conduction pathways along 
the stretching direction. Further stretching of the film by 𝛥𝑙2 causes misalignment and isolation of the 
CNTs due to high strains, resulting in insulating regions and fewer still electron conduction pathways (A 
series of SEM images of the HA-CNT-PDMS film subjected to different % of uniaxial tensile strains are 
provided in Appendix B – Figure B-1). It is noted that, when materials are stretched, they usually contract 
in the transverse direction based on the Poisson’s ratio (ν). This geometric effect is more pronounced in 
capacitive-type sensors since, when stretched, capacitive-type sensors undergo a change of capacitive 
area and a decrease in the thickness of the dielectric layer, resulting in an increase of capacitance.33 
Usually, both stretchable electrodes and dielectric layer are assumed to have the same Poisson’s ratio, 
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which means that when the applied strain is too large, the capacitive sensors start to deviate from a linear 
sensitivity response.17 In CNT-based resistive-type sensors, the change in the resistance with respect to 
the applied strain originates from mechanisms such as the disconnection of the sensing nanomaterial. The 
decrease in the cross-sectional area upon stretching could increase the CNT areal density however, the 
main working mechanism is the disconnections in the CNT networks.26,28,29,34 When stretched, the cross-
sectional area will decrease, which means that the CNT density per area will increase, improving 
conduction; however the disconnections of the CNT network due to the applied strain dominate the 
sensing mechanism. 
When subjected to increasing compressive strains, the absolute GF values decrease from 21 (at 
25 %) to 3.2 at 55% applied strains (Figure 6-7c). When compressed from a film thickness of 𝑙 to 𝑙1 (𝑙 > 𝑙1), 
the sensor becomes more conductive (Figure 6-7d) due to the temporary densification of the  CNTs and 
the closing of the insulating cracks, increasing the number of conduction pathways. 315,330  Further 
compression to 𝑙2 (𝑙 > 𝑙1 > 𝑙2) increases the conductivity further but up to a limit, indicating that strain-
induced CNT densification has reached saturation, and/or the film deforms laterally (rather than compress 
just in the direction of the applied force), such that the densification is reduced. Hu et al. 315 also observed 
this limit using randomly-aligned CNT-PDMS nanocomposites and showed similar results.  
HA-CNT-PDMS sensors under tensile strains (Figure 6-7e) show higher GF values, of 594 at low 
strains (< 20%) and up to 65 at 50 % tensile strains, respectively. This can be attributed to the increased 
alignment of the CNTs within the matrix along the strain direction. Hecht et al. 321 showed that, when 
CNTs are aligned, there are fewer CNT-to-CNT junctions compared to randomly distributed CNTs, 
decreasing the overall film resistance of the sensor. Similarly, for small-scale human motion sensing 
applications, Lee et al.193 showed that overlapping CNTs increases the sensitivity of the sensors drastically 
since, under tension, the CNT network is easily separated, resulting in spikes in the resistivity of the thin 
film. More studies about human motion sensing based on this aligned CNT disconnection mechanism are 
reported Pu et al. 202 and Lee et al.211 Figure 6-7f illustrates the proposed conduction mechanism for the 
HA-CNT-PDMS sensor when the film is stretched. Initially, the unstretched sensor of length 𝑙 has 
horizontally aligned, densely-packed CNT scales, as shown in the figure. When stretched by a length of 𝛥𝑙1, 
CNT scales start to separate from each other, resulting in a steep increase in the GF due to the reduction 
in the number of conduction pathways. Increasing the strain further ( 𝛥𝑙2) causes scales to expand and 
introduces discontinuous sections within the CNT film because of the lower CNT areal density. Once the 
number of conduction pathways is reduced, the resistance increases however at a lower rate, and the GF 
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value settles. Further stretching does not increase the GF since further stretching already insulating 
sections does not change the sensitivity response (A series of SEM images of the HA-CNT-PDMS film 
subjected to different % of uniaxial tensile strains are provided in Appendix B – Figure B-2). This model 
resembles the crack-induced electron transfer model for stretchable sensors.28,29 Zhou et al.28 achieved 
this by fragmentation of CNTs on PDMS and similarly, Chen et al.29 used an acid solution to introduce 
cracks on the Ecoflex substrate, allowing crack-guided electron transfer. Other groups used lasers to 
introduce crack patterns.325,332 The method described here does not require such further processes.  
Finally, Figure 6-7g displays the behaviour of the HA-CNT-PDMS film under compressive strains. 
The sensor response is more linear compared to its behaviour under tension with, absolute GF values 
varying between 13 and 30, except at very low strains (1.25%), the GF value was 40.  One of the important 
aspects of a good strain sensor is the linear electromechanical response.20,332,333 Similar to the VA-CNT-
PDMS sensors, when compressed, the composite film becomes more conductive due to the increased CNT 
areal density a closing-up of the scales as illustrated in Figure 6-7h. Compressive forces activate more 
conduction pathways, showing the importance of CNT alignment. 
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Figure 6-7. Electromechanical sensitivity of the aligned-CNT-PDMS sensors under (a)VA-CNT-PDMS sensor under tensile strains up 
to 50 % with calculated maximum GF values at different strains, (b) corresponding conductivity mechanism. The model based on 
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the temporary densification-separation of the aligned CNT forests within the PDMS matrix. When and (c) VA-CNT-PDMS sensor 
under compressive strains up to 55 % with calculated maximum GF values at different strains. Under compression the films become 
more conductive, the GF values are reported as absolute values. (d) Working mechanism when films are under compression 
showing the temporary densification effect closing packing the CNTs and when compressed, the films become more conductive 
therefore the GF values reported are absolute values. (e) HA-CNT-PDMS sensors electromechanical sensitivity response under 
tensile strains up to 50 % with calculated maximum GF values at different strains. (f) the working mechanism under tension, 
showing the separation of the CNTs and as well as the opening of the CNT scale-like features, decreasing the number of conduction 
pathway. (g) HA-CNT-PDMS sensors electromechanical sensitivity response under compressive strains up to 55 % with calculated 
absolute maximum GF values at different strains. (h) The working mechanism of HA-CNT-PDMS sensors under compressive strains 
showing the increased alignment, temporary densification and closing of the scale-like features increasing the conduction 
pathways resulting in a reduction in overall resistance of the sensor.  
Directionally-aligned CNT-PDMS films are then analysed using scanning electron microscopy 
(SEM) under tensile and compressive strains as shown in Figure 6-8. For wearable strain sensing 
applications; sensors are subjected to dynamic multidirectional strains, as visualized in Figure 6-8a. The 
blue arrows and the colour indicate tensile strains, whereas red arrows and colour represent compressive 
strains. Figure 6-8b-d show the HA-CNT-PDMS sensor under applied tensile strains, causing the scale-like 
features to enlarge and CNTs to stretch (Figure 6-8c) resulting in the formation of large gaps and 
disconnections within the film. This induces an increase in the film resistance, supporting the mechanism 
discussed in Figure 6-7. Figure 6-8d displays an example of suspended CNT-PDMS fibres across a crack, 
under tensile stretching, we believe the stability of these fibres is easily disturbed under mechanical 
deformation, further increasing the sensitivity. Throughout the film, the gap length varies from 5-200 µm. 
When the film is compressed (Figure 6-8e-g) the widened gaps close up, decreasing the number of 
disconnections in the composite film by temporarily increasing the CNT areal density which then 
decreases the film resistivity. Figure 6-8c and Figure 6-8f have the same field of view and exhibit a good 
example of sensing, based on the separation and contraction of the HA-CNTs mechanism discussed in 
Figure 6-7. Compression and tension sides of the VA-CNT-PDMS are shown in Figure 6-8h. When stretched 
and wrapped around an object, it is possible to observe the separation of VA-CNTs in the polymer matrix. 
The colour graded triangles represent the separation of the CNTs on the tension side which closes up 
towards the compression side due to compressive strains. This supports the VA-CNT-PDMS sensing 
mechanism described in Figure 6-7. Furthermore, Figure 6-8k and l show the uniaxially stretched films 
revealing the widening of gaps as the tensile stretching is increased.   
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Figure 6-8. SEM images of the stretched and compressed sensors. (a) a visualisation of dynamic strains acting upon the sensors 
showing the tension and compression sides. (b-g) The HA-CNT-PDMS sensor under tensile and compressive strains. (b) A tilted 
image of the stretched film showing the enlargement of the scale-like features and increase in the disconnections in the film. (c) 
A top view of the sensor film. (d) A tilted image of a widen CNT-PDMS valley like feature with suspended CNTs across. (e-g) VA-
CNT-PDMS film under compression. (e) Scale-like features are closed up due to applied compressive strains (f) A close up top view 
of the sensor film with the same view-field as (c) showing the difference in the disconnection width. (g) a zoomed-in image of the 
closed-up scales and increase in the CNT areal density which result in an increase in the conductivity. (h-l) The VA-CNT-PDMS film 
under tensile and compressive strains. (h) an SEM image of the cross-section of the film wrapped around a round object, showing 
the tension (blue region) and compressive sides (red region) of the film and the arrangement of the CNTs under strain where the 
tension increases the gaps between CNTs whereas compression temporarily increases the CNT areal density. (k) A cross-section of 
the uniaxially stretched film showing the separation of the CNTs within the matrix. (l) a further stretched film. 
6.5. Sensitivity and the Electromechanical Stability of the Sensors 
180 
 
In addition to the high sensitivity and stretchability demonstrated in Figure 6-7, human motion 
detection strain sensors should also be mechanically durable, with a good frequency response and low 
electrical hysteresis under mechanical deformation, since high, long duration and frequent strains may be 
applied during such applications.17 Figure 6-9 shows the electromechanical stability for both types of 
sensor tested under tensile stresses. Figure 6-9a displays the electromechanical stability of the HA-CNT-
PDMS sensor under 50 % tensile strain for over 6000 loading-unloading cycles with green lines showing 
the trace of the stability. The electromechanical performance degradation after 6000 cycles remains 
below 5 % regardless of the type of sensor. VA-CNT-PDMS sensors (Figure 6-9b) demonstrate a more 
stable electromechanical signal, with less than 2% stability degradation under 50% tensile strain. 
However, both types of sensors display good stability, with small deviations from the average values.  CNT-
based composite strain sensors21,317 have been shown to have better mechanical durability compared to 
other nanomaterial-based composites, such as nanowires.32 The higher durability of CNT-based sensors is 
usually linked to the good elastic behaviour of CNTs, preventing plastic deformation and fracture of CNTs 
under dynamic loading. 17,174  
 
Figure 6-9. Electromechanical characteristics of the directionally oriented CNT-PDMS sensors. (a) Electromechanical durability 
after stretching the sensors for over 6000 times under cycling loading at 50 % strain; showing the stability of the electrical signal 
response for the HA-CNT-PDMS sensors with less than 5% degradation. The green line represents the electromechanical stability. 
(b) Electromechanical durability of the VA-CNT-PDMS sensor after stretching the sensors for 6000 times under cyclic loading at 50 
% strain showing the stability of the electrical signal response with less than 2% degradation.   
Figure 6-10a and b show the electrical signal response of the two types of sensors to different 
frequencies. Frequency response time determines how quickly the strain sensors reach towards steady-
state response. Pulse monitoring, respiration, and motions such as knee-jerk reflex can demand good 
electrical signal response at higher frequencies.17,24 A 90% time constant (τ90%) is generally accepted as the 
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standard response time value for stretchable sensors.22 CNT-PDMS strain sensors are tested for up to 1 
Hz and are capable of detecting mechanical deformation induced strain changes at high and lower 
frequencies.  
 
Figure 6-10. (a) the electrical signal frequency response of the HA-CNT-PDMS film at 50% strain from 0.25 Hz to up to 1 Hz with 
good identical response. (b) the electrical signal frequency response of the VA-CNT-PDMS film at 50% strain from 0.25 Hz to up to 
1 Hz with good identical response. (c) Electrical hysteresis of the HA-CNT-PDMS sensor at different strain rates, no hysteresis is 
observed when tested up to 30% strain, when the sensors are stretched 60% the hysteresis starts to be visible. (d) Electrical  
hysteresis of the VA-CNT-PDMS sensor at different strain rates, with a small visible electrical hysteresis when stretched 60%.  
Under dynamic loading, such as would occur with skin-attachable and wearable applications, 
electrical hysteresis behaviour becomes important. Large hysteresis results in irreversible sensing 
performance when strain sensors are subjected to dynamic loading.334 Figure 6-10c and d show the 
electrical hysteresis for HA-CNT-PDMS and VA-CNT-PDMS sensors respectively, at tensile strains of 15%, 
30% and 60%. We observe that the hysteresis become visible with increasing applied strains. Hysteresis 
mainly originates form the elastomer and the interaction between the nanofiller material (in this case, 
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CNTs) and the polymer.17,22,335 Amjadi et al.17 reported that increasing the interfacial binding between the 
filler and the elastomer results in lower hysteresis. When the binding is weak, the nanomaterials can slide 
into the elastomer matrix upon large tensile strains. Once released, they cannot rapidly slide back to their 
original positions, leading to high hysteresis.17,186,329 For example; aligned-CNTs, sandwiched between two 
Ecoflex layers have shown to yield high hysteresis above 45 % tensile strains193, other sandwich CNT-
elastomer structures yield similar results.29 This could be the result of forming a layered structure instead 
of forming a nanocomposite film which has a more unibody structure. 17 As discussed previously in Figure 
6-5, the mechanical cyclic loading-unloading curves suggest that the interfacial binding between the 
aligned CNTs and the PDMS elastomer is strong even with a high strain rate ( 10 mm s-1), and this correlates 
with the low hysteresis observed for both types of sensors. The more pronounced hysteresis experienced 
at 60% strain for the HA-CNT-PDMS sensors could be the result of the buckling and sliding of the CNTs 
during loading and unloading since for HA-CNTs the stretching direction is parallel to the CNT alignment 
direction whereas forces acting upon the VA-CNT sensors are in the radial direction. However, overall 
electrical hysteresis performances are better than other aligned-CNT strain sensor studies.193,202,211 
 
6.6 Human Motion Detection Abilities of the Directionally-aligned CNT-PDMS Strain 
Sensors 
 
The orientation of the CNTs in PDMS directly affects the sensing abilities and the mechanical 
response of the strain sensors. In literature, this directional sensing has not been considered although the 
different responses can assist the detection of multidirectional motions that the human body generates. 
For example, small-scale sensitive human motions, such as pulsing29 or breathing317 can generate a more 
reliable and distinguishable signal with a compression strain sensor than tension, since the % compression 
with respect to the overall thickness of the sensor (
𝑙1
𝑙⁄ ,  as described in Figure 6-7) could be larger than 
the  % stretching with respect to the overall length of the film. Therefore, for practical applications, both 
stretching and compression responses should be considered. Figure 6-11 demonstrates an application of 
the combined directionally-oriented CNT-PDMS strain sensors to detect human motions. The two sensor 
types are attached to a wrist joint, (Figure 6-11a), where the HA-CNT-PDMS strain sensor is placed on the 
top of the wrist joint and the VA-CNT-PDMS strain sensor is placed underneath. Both sensors have solid 
wire connections attached on top of the composite film via silver paste. When the wrist is bent towards 
the ground, the HA top sensor is subjected to a tensile strain along the CNT alignment axis, resulting in an 
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increase in the electrical resistance signal of the film, whereas the bottom VA sensor is under compression 
with forces acting normal to the film, leading to an increase in conductivity as it is compressed, showing 
a negative (ΔR/Ro), as illustrated in Figure 6-8a. Electrical signal measurements are performed 
simultaneously and then the sensor positions are swapped for comparison.  
 
Figure 6-11. Application of the directionally oriented CNT-PDMS strain sensors to detect the wrist-joint movements multi-
directionally. (a) is the initial resting position of the wrist, with HA-CNT-PDMS strain sensor on the top of the wrist and VA-CNT-
PDMS strain sensor on the bottom of the wrist (inset, zoomed-in image) and then the wrist in bending position indicated with the 
blue arrow, with the upper sensor in tension and the lower sensor in compression. (b) Electrical resistance changes of two types 
of sensors; VA-CNT-PDMS under tension (top of the wrist) and HA-CNT-PDMS under compression (bottom side of the wrist). After 
sensors are swapped, VA-CNT-PDMS under compression and HA (bottom side of the wrist) -CNT-PDMS under tension (top of the 
wrist) as described in Figure 6-8a. (c) A visualization of the multidirectional sensing testing, first the wrist is bent towards direction 
1 and then in direction 2 (d) Electrical resistance changes when the wrist is bent left and right as visualised in (c), HA-CNT-PDMS 
sensor is placed on the front of the wrist, whereas VA-CNT-PDMS is placed on the back. The electrodes are placed on the tension 
side of and compression side of the VA-CNT-PDMS. 
 
Figure 6-11b shows the wrist-joint movement sensing performance of the CNT-PDMS strain 
sensors along the axis of a human hand and the corresponding relative electrical resistance changes 
(ΔR/R0) subjected to repeating wrist bending. When the directional strain-sensing responses of the films 
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are compared, a few differences are observed. Firstly, HA-CNTs produced a larger electrical signal (ΔR/R0) 
under tension, however, VA-CNTs perform better under compression. Secondly, under compression, VA-
CNT sensors react to the movement slightly earlier than HA-CNT sensors, even though the difference is 
small; this could be the result of the difference in the electron transport mechanism explained in Figure 
6-7. To demonstrate multidirectional sensing abilities further, we test the sensors by subjecting them to 
side-to-side movement of the wrist in “1” and “2” direction as displayed in Figure 6-11c. The HA-CNT-
PDMS sensor is mounted on the front of the wrist, and the VA-CNT PDMS is mounted on the back. Then 
the electrical signals are collected from the tension side of the HA-CNT-PDMS and compression side of the 
VA-CNT-PDSM sensors by placing the electrodes on the corresponding sides respectively, visualised in 
Figure 6-11c. It is possible to detect the movement not only along the axis of the hand but also across it 
(Figure 6-11d). Additionally, when moved in direction “1” the signal is stronger, allowing the opportunity 
to discriminate the movements. Similar to the results in Figure 6-11b, aligning the CNTs horizontally 
results in a stronger electrical signal under tension, however vertically aligning the CNTs and collecting 
the signal from the compression side provides a good electromechanical response. Wang et al.191 
investigated a human’s wrist movement using rosette-type printed CNT-PDMS strain sensors and argued 
that accurate movement monitoring could require multi-directional sensing. Other studies, however, only 
focused on the single-directional tensile strain for similar applications. 29,34 Additionally, in these studies 
CNTs are deposited on to the substrate as a thin separate layer via printing191, spray coating34 or drop 
casting29, therefore, they are not embedded in an elastomer; this raises the issue of physically damaging 
the thin film of CNTs as well as causing wrinkling and peeling effects due to the lack of a cover layer.22 
Here, a simple method is demonstrated to fabricate embedded-CNT-PDMS nanocomposites with 
increased strength due to the alignment of the CNTs. Moreover, the process allows for the alignment of 
CNTs in certain directions providing extra sensitivity. Depending on the human body motion monitoring 
applications, directionally aligning the CNTs can improve the strain sensing abilities and help monitor 
more complicated multidirectional mechanical deformation induced strains.  
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Figure 6-12. Sensitive strain sensing applications of the sensors for detecting; (a) plots the swallowing motion detection on the 
laryngeal prominence on the throat when data is collected via the tension side of the HA-CNT-PDMS strain sensor (b) swallowing 
motion detection on the laryngeal prominence on the throat when data is collected via the compression side of the HA-CNT-PDMS 
strain sensor. (c) Detection of the “frowning” facial expression via the tension side of the HA-CNT-PDMS strain sensor. (d) Detection 
of the “frowning” facial expression via the compression side of the VA-CNT-PDMS strain sensor. (e) Monitoring of the motion of 
the index finger bending with three different ranges of motion with the HA-CNT-PDMS strain sensor (in tension). (f) Monitoring of 
the motion of the index finger bending with three different ranges of motion with the VA-CNT-PDMS strain sensor (in tension). 
Not only limited to larger-scale human motion monitoring, fabricated strain sensors are tested 
for sensitive human motion detection applications, as plotted in Figure 6-12. Firstly, two types of strain 
sensors are placed on the laryngeal prominence on a male human’s throat to monitor the swallowing 
motion (Figure 6-12a and b). In this test, the change in the electrical resistance is measured from the 
tension side of the HA-CNT-PDMS strain sensor by connecting the wires with silver paste on the same side. 
For measurements performed with the VA-CNT-PDMS strain sensors, wires are placed on the compression 
side of the film (Figure 6-12b). Figure 6-12a shows the generated electrical signal of the swallowing motion 
measured with HA-CNT-PDMS attached on to the laryngeal prominence, showing the tension and the 
relaxation of the muscle. VA-CNT-PDMS sensors provided a larger electrical signal (ΔR/R0) for the same 
motion (Figure 6-12b). Although the signal is larger, VA-CNT sensors exhibit small overshoots as a result 
of the changes in the applied strains opposite to the stress direction, most probably due to the 
viscoelasticity of the elastomer combined with the stress relaxation effect.34,336 However, the VA-CNT 
sensors recovery time to the initial steady-state is on average ~2 s, compared to the HA-CNT films’ average 
~5 s. This could be explained by how the load is transferred under tensile and compressive stresses. Under 
mechanical deformation, the forces progress in the PDMS matrix and then are transferred to CNTs 
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resulting in rearrangements and reorientations of the CNTs within the elastomer matrix. It is possible that 
the stress relaxation effect is more dominant in the tensile direction compared to compression resulting 
in the signal taking longer to reach steady-state causing a drift. Given that the tested CNT-PDMS film 
thicknesses are much smaller than the length of the sensors, the distance required for the films under 
compression to relax back to their original state is smaller than films subjected to tension strains. Lee et 
al.34 argued that relaxation effect caused a reduction in the tensile strength leading to the electrical signal 
to drift more when it reached back to steady-state. They observed this kind of behaviour with the more 
sensitive, low-density CNT sprayed PDMS films and showed that this was closely related to the sensitivity 
and stability of the sensors. Comparable results with regards to the relaxation effect are reported here.28 
We show similar behaviour for the HA-CNT-PDMS sensors, however this explains the behaviour of more 
sensitive VA-CNT-PDMS electrical signal shown in Figure 6-12b.  
The strain sensors have been further tested to detect a frowning motion on the forehead as 
displayed in Figure 6-12c and d. Both films provide good electrical signals, VA-CNTs showing excellent 
stability with a small overshoot, whereas HA-CNTs show a smaller signal with a small drift even though 
the frequency of this motion is larger. Firstly, the recovery time was below ~0.5 s for VA-CNT sensors, and 
~3 s for the HA-CNTs. These values are smaller than Yamada et al.’s21 CNT thin film-elastomer ( ~5 s) and 
Mattmann et al.’s25 carbon black fibre-elastomer sensors (100 s). The best response time observed is ~160 
ms and ~130 ms for HA-CNT-PDMS and VA-CNT-PDMS sensors, respectively. These response times are 
considerably smaller than other CNT based stretchable sensors; for instance, CNT-Ecoflex nanocomposite 
strain sensors are reported to have 332 ms response time.26 This could be the result of the very soft Ecoflex 
polymer, providing less driving force for rapid restoration of the CNT network compared to PDMS with 
higher interfacial bonding.337   
Finally, the sensitivities of the strain sensors are additionally tested by attaching the sensors on 
to a human index finger. In this test, the relative resistance changes of the films are recorded from the 
tension side by subjecting them to repeating finger bending, with results displayed in Figure 6-12e and f. 
ΔR/R0 of the HA-CNT-PDMS (Figure 6-12e) and VA-CNT-PDMS sensors (Figure 6-12f) both increased when 
subjected to increased bending angles of 15o, 45o and 90o respectively, allowing for easy discrimination. It 
should be noted here that, when used under tension, VA-CNT sensors show a smaller gain compared to 
HA-CNTs. This supports the findings discussed in Figure 6-11k, l and also Figure 6-12a-d, that aligning the 
CNTs in a certain direction and utilising the CNT-PDMS sensors as tension or compression sensors 
depending on the sensing application can improve the sensing ability of the CNT-elastomer strain sensors.  
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Figure 6-13. Real-time pulse monitoring over the carotid artery at resting heart rate (g) VA-CNT-PDMS and (h) HA-CNT-PDMS; at 
raised heart rate (k) VA-CNT-PDMS, (l) HA-CNT-PDMS after the subject was subjected to physical exercise.  
 
Not limited to the human motion surveillance, sensors are utilized to monitor the pulse rate of a 
male subject by placing the sensors over the carotid artery both at resting heart rates Figure 6-13a, b and 
raised heart rates Figure 6-13 c, d. Figure 6-13a and b show the carotid arterial pressure waveforms 
measured by VA-CNT-PDMS and HA-CNT-PDMS sensors, respectively. Both sensors calculate the pulse 
rate as 68 times per minutes as the resting pulse rate, measured back to back. Additionally, the subject’s 
pulse rate has been increased and measurements are repeated again with both sensors showing the 
increased heart rates with the VA-CNT-PDMS sensor calculating 128 times per minute (Figure 6-13k)  and 
the HA-CNT-PDMS sensor 120 times per minute (Figure 6-13l). The difference in the pulse rates measured 
is simply because of the difference in the intensity of the physical exercise the subject is exposed to as 
well as the variations of the resting time before the measurements.  
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The muscle/joint motions the human body generate are usually multi-directional and can require 
an array of sensor responses for more accurate measurements. Distinguishable responses of the sensors 
tested, combined with the improved electrical resistance signal sensitivity by aligning the CNTs in certain 
directions (see comparison graph, Figure 6-14) can enable precise, small-scale human motion detection 
analysis and human-machine interface technology.  
 
 
Figure 6-14. Average gauge factors as a function of maximum stretchability of recently reported nanomaterials-PDMS matrix-
based strain sensors (both resistive and capacitive types). The GF values of this study (when CNTs are aligned horizontally along 
the stretching direction) is one of the closest to the “challenging” high sensitivity – high stretchability area indicated by the blue 
rectangle. 21,22,211,317,329,338–341,23,24,27,30,34,186,190,191 
 
In summary, we developed a very simple, low cost, high-yield technique to fabricate highly-
sensitive and highly-stretchable directionally-aligned CNT-based strain sensors. Rolling CNTs horizontally 
on the substrate and then embedding them into a PDMS elastomer provided CNT alignment along the 
stretching direction but also introduced scale-like structures within the composite film limiting the 
conduction pathways which results in improved sensitivity at high tensile strain compared to vertically 
aligned CNT-PDMS strain sensors. At 50 % tensile strain, GF values of 65 for HA-CNT-PDMS and 52 for VA-
CNT-PDMS sensors are achieved. Sensors showed more sensitivity at smaller strains, 594 at 15% for HA-
CNT-PDMS and 326 at 25 % for the VA-CNT-PDMS, respectively. At 55 % compressive strain, absolute GFs 
values reached 3.2 and 2.7 for VA-CNT-PDMS and HA-CNT-PDMS sensors respectively, similarly higher 
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sensitivity (~ 20 GF) at smaller strains (up to 25% compressive strains). Additionally, we observe that the 
CNT-PDMS strain sensors’ electrical resistance response signal is different under tensile and compressive 
strains. Under small strains (< 10 %), employing VA-CNT sensors under compression can help improve the 
signal compared to monitoring a similar mechanical deformation via a HA-CNT sensor under tension. 
Fabricated CNT-PDMS sensors are tested for over 6000 cycles under tension and compression at 50 % 
strains and maintained their mechanical robustness as well as electromechanical performance. Response 
and recovery times as small as 130 ms and 0.5 s; 160 ms and 2 s are reported for VA-CNT-PDMS and HA-
CNT-PDMS sensors, respectively. Both sensors can detect human motion-induced mechanical 
deformations multi-directionally, both large and small-scale such as pulse monitoring, swallowing, 
frowning, wrist and finger bending with the ability to distinguish the motions. Additionally, this could help 
people with severe disabilities and limited movement to translate small muscle movements into electrical 
signals that can be developed into gestures/new alphabet to help communication.  
 
6.7 CNT-PDMS Films as Compliant, Conductive Contacts 
 
It has been established in this chapter that, introducing PDMS into the CNT forest structures 
provides significant elasticity as well as good mechanical durability under cyclic loading. Therefore, it could 
be possible that PDMS may be introduced as a third element to improve the mechanical properties such 
as mechanical robustness and the compliance of the CNT-based micro-probes discussed in Chapter 5. The 
findings in Chapter 5 demonstrated that as compliant micro-contacts, metallised CNT pillars possess 
comparable electrical properties to the current solid contactor technologies; however the mechanical 
robustness was proven to be lacking due to the highly porous nature of the CNT forest resulting in 
mechanical failure of the micro-probes under compressive forces during touchdown, before the contact 
resistances showed instabilities. An elastomer such as PDMS could minimise this problem, however, 
elastomers are usually insulators therefore increased mechanical compliance could come in the expense 
of increased contact resistance. Additionally, these structures are tested as composite films since making 
arrays of high-aspect ratio micro-contacts was not possible. The viscous nature of PDMS distorts the as-
grown CNT array during spin coating resulting in flatting and/or detachments of sections of the probes. 
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6.7.1 Metallised CNT-PDMS Film Fabrication 
 
In this section, only VA-CNT-PDMS films are considered in order to compare the 
electromechanical results with the CNT-metal contacts which have vertical device structures. HA-CNT-
PDMS film surface morphology contains scale-like features which could reduce the stable contact area 
under tensile strains. Additionally, assuming that the electron conduction pathway is parallel to the CNT 
alignment direction, probing HA-CNT-PDMS devices normal to the conduction pathway would not yield 
comparable electrical or mechanical results.  
The same procedure, as described in section 6.2, is followed to produce the CNT-PDMS composite 
films. However, after the films are removed from the substrate, they are metallised by evaporating 100 
nm of Au on both sides of the film. This is to decrease the contact resistance. The sputtering system ran 
out of Pd target before this study, therefore we were unable to produce Pd-metallised CNT-PDMS films 
for comparison. Au metallised composite films are then cut into 1 cm x 1 cm squares for the 
electromechanical testing. Figure 6-15a displays an image of the metallised film (3 cm long with 0.6 cm 
width), showing the highly flexible nature.  Figure 6-15b is the SEM image of the cross-section of the film 
revealing the composite structure with aligned CNTs embedded in the PDMS matrix with the top and 
bottom of the composite film metallised. Finally, it appears that the surface of the film homogeneously 
coated with Au without any cracks or peeling of the metal coating (see Figure 6-15c)   which is required in 
order to establish a low and stable contact resistance interface under dynamic loading.  
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Figure 6-15. (a) A photo image of the highly flexible Au metallised VA-CNT-PDMS film, showing the 100 nm Au coating on both 
sides of the CNT film. (b) A cross-section SEM image showing the metallised layer op top and the CNT-PDMS film with a thickness 
of ~400 µm. (c) surface morphology of the film, showing a homogenous surface which is important to establish good contact to 
achieve low contact resistance at the interface during touchdown.   
6.7.2 Electromechanical Characterisation of Au metallised VA-CNT-PDMS films 
 
The contact resistance measured for an uncompressed VA-CNT-PDMS film is 54 ± 2.9 Ω (~ 4.25 Ω 
/ mm2) when subjected to 50 % uniaxial compressive strains, the resistance decreased to 9.65 ± 1.2 Ω 
(~0.76 Ω / mm2) layer (see Figure 6-16) due to temporary densification effect and closing-up of gaps 
present within the film because of the applied compressive strains, as discussed in section 6.5.  
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Figure 6-16. Average HA-CNT-PDMS film resistance measured as a function of applied compressive strain %. The contact area is 
~12.7 mm2. The lowest film resistance measured for the VA-CNT-PDMS films was 51.9 Ω (4.25 Ω / mm2). Under compressive 
strains, the films become more conductive due to temporary densification and closing of gaps and the scale-like features discussed 
in section 6.5.  
 
The EMT setup illustrated in Figure 5-8 in Chapter 5 is used for the electromechanical 
characterisation. Au coated CNT-PDMS films are subjected to cyclic compression loading. During testing, 
films are compressed up to 250 µm which equals to 60 % compressive strains with uniaxial strain rates up 
to 0.3125 s-1. Figure 6-17 shows the results of the relationship between the applied stress, strain and 
contact resistance of the films under cyclic loading. Firstly, when subjected to compressive stresses over 
1.3 MPa (Figure 6-17a), the uniaxial compressive strains reached up to 60 %. Mechanically, Au-CNT-PDMS 
film showed good stability suggesting that the composite film has good compliance, very similar to CNT-
PDMS films discussed in this chapter in section 6.3. Metallising the CNT-PDMS on the other hand, 
decreased the contact resistance effectively (Figure 6-17b). After the metallisation, the contact resistance 
dropped to an average value of 2.81 ± 0.15 Ω (~ 0.22 Ω / mm2) at 50 % strain. Even though the contact 
resistance decreased three times after the Au metallisation, it should be mentioned here that the 
resistance values are much larger compared to CNT-metal micro-contacts discussed in Chapter 5. For 
example, for a 400 µm x 400 µm Pd metallised CNT micro-spring, the measured contact resistance is ~ 
0.04 Ω / mm2 (see Table 5-4 for comparison for smaller cross-section area CNT-metal micro-contacts), 
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which is more than five times smaller than the lowest contact resistance achieved from the Au-VA-CNT-
PDMS structure.   
 
Figure 6-17. Electromechanical cyclic compression tests of an Au metallised (100 nm) VA-CNT-PDMS film. (a) the change in the 
contact resistance with respect to contact stress. (b) Contact resistance vs. contact stress (c) stability of the contact throughout a 
250-cycle showing good stability with an average contact resistance of 2.81 ± 0.15 Ω.  
a) 
b) 
c) 
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Even though the contact resistance values are larger, the stability of the contact after each 
touchdown is steady. Figure 6-17c displays a full trace of the contact resistance tested under 60 % 
compressive strains for a 250-cycle test, showing good stability of the contact under high deformation 
cyclic loading. However, there have been cases where the contact resistance showed instabilities, as 
observed before with the CNT-metal micro-probes (see Figure 3-12 as discussed in section 3.4.2). Tests 
up to 1000 cycles are performed with a contact resistance fluctuation of around 5 % showing repeatable 
contacts. After the tests are performed, the film was sectioned from the probed region using a blade to 
see the structural damage introduced to the composite film by the large compressive strains. Figure 6-18 
shows the retained structural damage after testing the film for 1000 cycles under 60 % compressive 
strains. First of all, when the film is cut in half, it is observed that the electromechanically probed area had 
densified regions within the film, introduced during the spin-coating of the PDMS caused by the capillary 
forces. This is observed before during the fabrication of the CNT-PDMS sensors (see Figure 6-4d). When 
the cross-section is analysed in Figure 6-18, it is possible to see the plastic deformation induced by the 
large cyclic compressive strains. Even though the composite film did not tear, certain sections of the Au 
coating are damaged and removed whilst some of the mechanical deformation is retained as seen in 
Figure 6-18b by the plastic flow towards the direction of the applied stress. However, most of the plastic 
deformation retained within the 50 µm depth of the film is due to the good elastic properties of both 
PDMS26 and CNTs.17,174  
Figure 6-18 shows that the film is plastically deformed and some of the Au coating is damaged, 
however, electromechanical cyclic data did not show a very drastic change or a decay in either the applied 
stresses or the contact resistance measured. This could be because of the nature of the CNT-PDMS film. 
As demonstrated before in Figure 6-16, the film becomes more conductive and shows more resistance to 
compression under compressive stresses. It could be possible that under large compressive stresses the 
temporary densification effect which will decrease the contact resistance and increase the mechanical 
strength could compensate the plastic deformation caused to the CNTs by the stresses, however further 
analysis might be required. Additionally, if a much smaller area were probed then the effect of the plastic 
deformation on the electromechanical performance would be observed with more accuracy. Figure 6-18a 
shows that the most significantly deformed area remained smaller than the probe contact area, (when 
compressed 60 %) therefore the less deformed area may not show any difference in the 
electromechanical performance of the film. Finally, it should be noted that cutting the film with a blade 
might have caused extra, unintended damage to the tested film. A FIB cross-section analysis of the probe 
region could reveal a different plastic deformation morphology.  
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Figure 6-18. After the electromechanical testing, the film was cut in half from the middle of the probed section using a blade. (a) 
An SEM image of the cross-section of the tested film after 1000 touchdowns at 60 % uniaxial compressive strains, the red circle 
indicates the most damaged section of the probed region. The surface damage depth remained within the first 100 µm of the 
composite film. (b) is a zoomed-in image, showing the deformation. Blue shades highlight the sections of the deformed Au coating, 
whereas the blue arrows indicate the plastic flow caused by large uniaxial stresses. It is also possible to see the detachment of the 
fragments of the Au coating from the CNT-PDMS substrate.  
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In summary, metallisation of the VA-CNT-PDMS film provides an improvement in reducing the 
contact resistance, however in order to be considered for the electromechanical probing applications the 
contact resistance must be lowered much further. Additionally, even though the presence of PDMS 
increases the mechanical compliance significantly, it was not possible to form 3D, high-aspect ratio (> 300 
µm) composite column structures from the CNT-PDMS films. In literature, laser patterning of VA-CNT 
forests has been demonstrated using pulsed lasers.312 This could be a strategy to form CNT-PDMS 
patterns. It should be kept in mind that even though CNTs are good thermal conductors and chemically 
inert at elevated temperatures, which means the heat introduced by the laser could dissipate easily during 
patterning, PDMS is an insulator therefore if the heat introduced cannot be removed efficiently during 
the fabrication, PDMS can reach its glass transition temperature (~120 OC) preventing to form well-
defined, high-aspect ratio probe structures. Additionally, laser etching can result in a decrease in the CNT 
quality and leaving behind residue on the surface.312 Another strategy can be forming the CNT patterns 
first before the PDMS coating, however, the viscous nature of PDMS does not allow to preserve the as-
grown VACNT layout after spin coating, resulting in flattening and/or detachments of sections of the 
probes due to centrifugal forces. 
 
6.8 Conclusion   
 
In conclusion, this chapter demonstrated a very simple, low cost, high-yield technique to fabricate 
highly-sensitive and highly-stretchable directionally-aligned CNT-based strain sensors. Rolling CNTs 
horizontally on the substrate and then embedding them into PDMS elastomer provided CNT alignment 
along the stretching direction as well as scale-like structures within the composite film moderating the 
conduction pathways resulting in improved sensitivity at high tensile strain when compared to vertically 
aligned CNT-PDMS strain sensors.  
• At 50 % tensile strain, GFs 216.1 for HA-CNT-PDMS and 100.9 for VA-CNT-PDMS sensors are 
achieved. At 50 % compressive strain, GFs values reached 15.6 and 11.3 for VA-CNT-PDMS and 
HA-CNT-PDMS sensors respectively. Additionally, we observe that the CNT-PDMS strain sensors’ 
electrical resistance response signal is different under tensile and compressive strains. Under 
small strains (< 10 %), employing VA-CNT sensors under compression can help improve the signal 
compared to monitoring a similar mechanical deformation via a HA-CNT sensor under tension. 
The CNT-PDMS sensors were tested for over 6000 cycles under tension and compression, at 50 % 
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strains; and maintained their mechanical robustness as well as electromechanical performance. 
Response and recovery times are as small as 130 ms and 0.5 s; 160 ms and 2 s for VA-CNT-PDMS 
and HA-CNT-PDMS sensors, respectively.  
• Both sensors can detect human motion induced mechanical deformations multidirectionally, both 
large and small-scale such as swallowing, frowning, wrist and finger bending with the ability to 
distinguish the motions. Furthermore, this could help people with severe disabilities and limited 
movement to translate small muscle movements into electrical signals that then can be developed 
into gestures/new alphabet to help communication. 
• Composite VA-CNT-PDMS films are metallised with a 100 nm layer of Au to investigate the 
possibility of using them as contacts for electromechanical probing applications. Introducing the 
PDMS as a third element to the metal-CNT structure increased the mechanical compliance 
significantly when compared to the CNT-metal micro-contacts, as discussed in Chapter 5. 
However, the contact resistance increased five times for a given contact area due to the insulating 
nature of the PDMS matrix. Au metallised films were subjected to large strain (up to 60 %) cyclic 
electromechanical loading tests and have shown good stable contacts with very small contact 
resistance and/or mechanical strength decay.  
• Plastic deformation retained in the films was later revealed by the cross-sectional SEM analysis. It 
is noted here that the films are tested as films, rather than as an array of high-aspect ratio probe 
structures as was in Chapter 5. The laser patterning method is proposed as a potential method to 
form repeating, probe-like structures by etching away the CNT-PDMS composite matrix.  
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7 Summary and Future Work  
 
7.1 Summary 
 
A novel, hierarchical design approach to manufacture functional composite structures based on 
nanomaterials could provide the high electromechanical performance with desired form factors to further 
miniaturise and integrate next-generation electronic interfaces/systems into our daily lives.  Carbon 
nanotubes are chosen here because of their excellent electronic and mechanical properties which are 
critically beneficial to be utilised in a wide range of electronic applications. This thesis successfully 
demonstrated the ability to design directionally-aligned, high aspect ratio, type and geometrically 
selective CNT-based hybrid structures which greatly match the complex and demanding needs of 
electronic and electromechanical systems. The device performances achieved for the two applications 
described in this project (electromechanical CNT-metal micro-probes and soft highly stretchable, 
directionally-aligned CNT/PDMS mechanical sensors) could not be realised through conventional 
fabrication methods using solid metal/semiconductor materials.   
First two chapters of this thesis introduced the key aspects of carbon nanotubes that can influence 
the properties and architecture of hierarchical CNT-based electromechanical systems followed by the 
explanation of the properties of CNTs with a focus on the electron transport physics of CNTs and 
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contacting and metallisation of CNT structures. Chapter 3 described the analytical characterisation 
techniques employed. The capabilities and limitations of the in-house designed microelectromechanical 
testing rig are discussed. The system allows the detection of very small forces (± 5 mN) with a resolution 
of 0.1 µm displacement sensor and ± 1.6 µm resolution, vertical, sequenceable motorised stage. In this 
chapter, other critical techniques such as AFM, SEM and Raman spectroscopy are also described.  
Chapter 4 presented guidelines to grow and characterise CNTs up to ~800 µm length via the 
PTCVD on various insulating and conductive substrates. Increasing the process pressure up to 10 Torr 
combined with high C2H2/H2 ratios (50 sccm: 200 sccm) result in greater CNT lengths compared to low 
pressure/low gas flow rate parameters. Growth is performed up to 60 min. It is observed that after 15 
min growth time, the CNT growth slows down drastically and after 30 min, the CNT length did not increase 
any further, most likely due to the reduced activity of the catalyst. Therefore, growth should be limited to 
30 min. The repeatability of the CNT deposition is investigated via two growth run strategies: multiple, 
back-to-back growth runs and one-run-a-day. A growth reversal effect is observed when the CNT growth 
is performed via the back-to-back run strategy. When the growth time increases beyond 30 min, the CNT 
length decreases indicating that the growth mechanism is reversed. However, this is not observed when 
the growth is performed via the one-run-a-day. This is believed to be related to the chamber conditions 
such as initial chamber temperature, presence of water vapour, or variations of the process pressure 
including the base pressure. To increase the consistency, growth should be performed with as identical 
chamber conditions as possible.  
Chapter 5 provided with the details of the fabrications of arrays of CNT-metal hybrid compliant 
micro-contacts, followed by a comprehensive discussion of electromechanical characterisation of these 
structures. It is demonstrated that VACNT-metal composite, compliant micro-probe structures can be a 
realistic substitute for current micro-contacting technologies. The process does not require a transfer of 
probes on to conductive substrates and is highly scalable, allowing for the patterns of fabrication of 
thousands of probes, with precise pitch control. Au and Pd metallised hybrid CNT micro-contacts have a 
compliance of up to 25 µm (elastic region), with contact resistances as low as 0.46 Ω (3.6 kΩ/µm, CNT 
network resistivity of 1.8 x 10-5 Ω cm) for a 200 x 200 µm cross-section area with a 200 µm pitch (when 
metallised using a 500 nm thick Pd). Only metallising the tip of the CNT forests with Au does not provide 
extra compliance; the structure proved to be too porous with a low elastic modulus (~7.6 MPa). Top-cap 
and sides metallised Pd-CNT probes provide good stable contacts, however under increased strains they 
exhibited a lateral expansion of the probe shell because of the tearing along the edges due to plastic 
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deformation. CNT-metal contacts are successfully tested for 25000 touchdowns, across 5 random probes, 
at 50 µm over-travel (in the plastic region). The electrical contacts are repeatable and reproducible; 
however porous nature of CNTs limits the mechanical properties of the hybrid structure with low 
mechanical strength under compression. The limitations with regards to aspect ratio geometries the 4:1 
ratio (height: width) and possible strategies such as densification to increase the mechanical and 
electromechanical performance of the CNT based probes are discussed. CNT-based-metal hybrid probes 
are comparable to solid metal micro contactors, with easily scalable fabrication and precise pitch control, 
exhibiting greater potential for their utilisation in miniaturised contact technologies. 
Chapter 6 presented a very simple, low cost, high-yield technique to fabricate wearable, highly-
sensitive and highly-stretchable directionally-aligned CNT-based strain sensors. During the investigation 
of the CNT-metal hybrid probes, PDMS is used to improve mechanical compliance. During that time, it is 
noticed that aligned CNT-PDMS conductive films are highly stretchable and their electrical signals are very 
responsive to mechanical deformation. In order to investigate this, CNTs are aligned both horizontally and 
vertically within the PDMS matrix and their mechanical durability and electromechanical performances 
are tested. Rolling CNTs horizontally on the substrate introduces scale-like structures within the 
nanocomposite film moderating the conduction pathways resulting in improved sensitivity at high tensile 
strains when compared to vertically aligned CNT-PDMS strain sensors. At 50 % tensile strain, GFs 216.1 
for HA-CNT-PDMS and 100.9 for VA-CNT-PDMS sensors are achieved. It is important to test the response 
of these sensors under compressive strains since they are subjected to dynamic strains when employed 
as wearable human motion sensors. At 50 % compressive strain, GFs values reached 15.6 and 11.3 for VA-
CNT-PDMS and HA-CNT-PDMS sensors respectively. Under small strains (< 10 %), employing VA-CNT 
sensors under compression can help improve the signal compared to monitoring a similar mechanical 
deformation via a HA-CNT sensor under tension because the CNT alignment directly affects the sensing 
abilities. The CNT-PDMS sensors are tested for over 6000 cycles under tension and compression, at 50 % 
strains; with no plastic deformation or decay in the sensitivity. Response and recovery times are as small 
as 130 ms and 0.5 s; 160 ms and 2 s for VA-CNT-PDMS and HA-CNT-PDMS sensors, respectively. Both 
sensors are able to detect human motion induced mechanical deformations multidirectionally, both large 
and small-scale such as swallowing, frowning, wrist and finger bending with the ability to distinguish the 
motions as well as monitoring physiological conditions such as resting or raised heart rate. This chapter 
also explores the possibility of using VA-CNT-PDMS as contacts for electromechanical probing 
applications. Introducing the PDMS as a third element to the metal-CNT structure increased the 
mechanical compliance significantly when compared to the CNT-metal micro-contacts, as discussed in 
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Chapter 5. The composite VA-CNT-PDMS films are metallised with a 100 nm layer of Au. However, the 
contact resistance still increases five times for a given contact area due to the insulating nature of the 
PDMS matrix compared to CNT-metal micro-contacts. When subjected to large strain (up to 60 %) cyclic 
electromechanical tests, these films show good compliance and stable electrical contacts with very small 
contact resistance and/or mechanical strength decay.  
 
7.2 Future Work  
 
Based on the investigations conducted in this project, there are possible routes for further 
research that could be of scientific interest, possibly providing answers to some questions that remain 
unanswered across the scientific areas covered in this thesis.  In each case, further investigations are 
outside the extent and/or means of the thesis in consideration of time limitations despite the best efforts 
to cover all relevant areas. Investigations are kept focused on the main applications discussed in this 
thesis. However, there are possible areas that could be recommended to pursue as future work to work 
towards prototypes that are feasible for the industry.     
 
7.2.1 Increasing the Electromechanical Properties of CNT/metal-based Micro-contacts  
 
Chapter 5 concludes that hybrid CNT-metal high aspect ratio structures could possess comparable 
electrical properties to the current solid metal micro-contact technology, however, they lack high 
compliance that the industry requires (up to 50 %). Future work needs to address the stiffness tuning 
mechanisms for various pillar heights for scalable applications.  
Different approaches could be taken to increase the stiffness:  
Stiffness tuning by CVD growth: This thesis demonstrates that by changing the annealing time of the 
catalyst under H2 gas, the diameter of the grown VA-CNTs can be controlled. Using CNTs, the stiffness of 
the probe structures might be tuned as desired. Moreover, using a floating catalyst instead of a fixed thin-
film catalyst, it is possible to increase the CNT diameter further. This can give the ability to increase the 
stiffness in small increments and tune the CNT pillar structures accordingly which is difficult to achieve 
with conventional materials. 
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Metallisation process: The sputtered metal does not penetrate into the CNT structure for more than 4-5 
µm as shown in Figure 5-13. The minimum required thickness to achieve low contact resistance values 
result in a thick outer metal shell encapsulating the CNT pillars which hinders the mechanical properties 
and limits the over-travel distance for a given hybrid CNT probe. A third design element should be 
considered to increase the compliance of these probes without the expense of the vertical alignment of 
the CNTs. In Chapter 6.7, PDMS is used as an elastomer to improve the mechanical properties of the CNT 
forests, however, this increased the contact resistances drastically. In the future, different conductive 
epoxy/adhesive mixtures can be used to improve mechanical resilience without interfering with the low 
contact resistance at the interface. It should be noted here that the resistance values measured in Chapter 
5 are bulk resistance values which include the contact resistance between the Au coated Cu top contact 
and the tip of the CNT pillar, the bulk resistance of the CNT pillar, and the resistance between the pillar 
and the Si substrate. In the future, a systematic study can be performed to measure the contact 
resistances originating from each of the individual layers by varying the CNT pillar cross-sectional area and 
the CNT length.  
 Probe Geometries:  In this work, square-shaped probe structures are investigated. It is observed in 
Chapter 5.3.4 in Figure 5-22 that the metallised CNT probes first started to deform along the edges of the 
structures which suggests that the edges could have acted as stress concentration zones. More cylindrical 
shape structures with similar contact areas could be explored to reduce this type of effect. Additionally, 
if a full body probe structure is proven to be too stiff, hollow column geometries could be explored to 
reduce the stiffness. This will also allow the increased area of the metallisation since both the outer and 
internal walls would be metallised meaning a low contact resistance could be achieved with a thinner 
metallisation layer resulting in hindering the mechanical properties less.   
 
 
7.2.2 Addressing the Addressability of Arrays of CNT-based, Small Pitch Contacts  
 
Manufactured probes in this project are not individually addressable. During a touchdown, several 
probes are expected to make contact with the substrate and perform independent electrical 
measurements which requires the probes to be individually addressable. This could be overcome via 
lithographically patterning the conductive thermal/diffusion barrier layers, in this case TiN, as conduction 
tracks for each probe, before the catalyst patterning. However, this could become problematic as the 
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probe pitch size gets smaller, for example for a 50 µm pitch probe array on a 2.5 cm × 2.5 cm substrate 
area would require more than 2500 channels which could be difficult to achieve via lithography. 
Additionally, these thin film track would also be exposed to temperatures up to 700 oC which can result 
in degradation or disconnections within the tracks hindering low contact resistance. Finally, another 
concern is the planarisation effect, mentioned in section 1.3.1.1. All probes much have the exact same 
height to form a perfect plane matrix during a touchdown, however as discussed in Chapter 4 there are 
nonuniformities in CNT forest heights due to the CVD growth, which will prevent achieving planarisation. 
Future work addressing the stiffness tuning of the CNT pillars could overcome this problem by increasing 
the elastic over-travel of the probes until the whole array forms a perfect planarisation.  
Another future work approach to improve the addressability of the CNT probes could be a 
transferring process. Probes could be transferred to an already addressable substrate by utilising 
conductive epoxies as bonding agents. Chapter 6.7 of this thesis explores this possibility but for only CNT 
forest films, not patterned structures. It is observed that the polymer epoxy penetrates into the CNT forest 
and resulting in densification. In an ideal case, the transfer process should not interfere with the array 
design and mechanical properties. Limiting the wetting of the CNTs by using different conductive 
epoxy/adhesives, thus avoiding the penetration could a further investigation route. However, the 
planarisation effect here should be kept in mind, as during transfer the yield would be low if CNT array 
height is not uniform.  
7.2.3 Improving the Sensitivity and Stretchability of CNT-based Wearable Strain Sensors  
 
This project also investigates the utilisation of directionally-aligned CNT/elastomer stretchable 
nanocomposite films as wearable strain sensors for various human motion monitoring applications in 
Chapter 6. High aspect ratio nature combined with the good elastic properties are proven to be a suitable 
sensing nanomaterial for this application. The stretchability of the composite films fabricated did not 
exceed 55-60%, certain applications in soft robotics or wearable human-machine interface applications 
could require a higher stretchability. Ecoflex elastomer is proven to be highly stretchable (> 200 %), 
therefore replacing PDMS with Ecoflex and investigating the sensing/stretching abilities of aligned CNT-
Ecoflex films could be a beneficial future work. Additionally, aligned CNTs are transferred as highly dense 
CNT films into the PDMS matrix, patterning and flatting CNTs along the stretching direction to create a 
sensing network matrix could improve the multidirectional sensing abilities but also overall sensitivity of 
the films based on the disconnection mechanism explained in Chapter 2.6.3.3
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Appendix  
 
A. EMT Setup Component Parts Details  
 
1 - Thor Labs Kinesis® software with sequence editor and actuator settings  
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2 - Keyence High-speed, High-accuracy CCD Laser Displacement Sensor LK-G30 series  
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3 - Keyence LK-G3001 Laser Controller Unit  
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4 - Tedea Huntleigh Compression Load Cell 0.3kg, 15V dc, IP66, Single Point, Low Capacity 
Aluminium 
 
 
 
 
5 - Thor Labs MTS50-Z8 - 50 mm (1.97") Motorized Translation Stage Key 
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6 - Thor Labs TDC 001 DC Servo Motor Controller 
 
 
 
7 - National Instruments BNC 2110 - BNC Connector Adapter for E/M/S Series and Analog 
Output Series Devices 
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8 - Dino-Lite AM2111 USB Microscope, 640 x 480 Pixel, USB, 10 – 70 X, 200 X Digital Zoom 
 
 
 
 
9 - Thor Labs PT1/M Single-Axis Translation Stage with Standard Micrometer Item 
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10 - Thor Labs MB3045/M - Aluminum Breadboard, 300 mm x 450 mm x 12.7 mm, M6 Taps 
 
 
 
 
11 - Thor Labs L490/M - Heavy Duty Lab Jack 169 
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B. Directionally-aligned CNT-PDMS Strain Sensors Under Different % of Uniaxial Tensile Strains 
In this appendix, we briefly show the change in the microstructure of directionally-aligned 
CNT/PDMS films when they are subjected to different amounts of uniaxial tensile strains. Composite 
sensors were taped on a SI wafer and stretched to different lengths before they were stabilised with 
another tape on the Si wafer. Figure B-1 shows the cross-section image of the VA-CNT-PDMS sensors 
under uniaxial tensile strains.  It is noted here that there is very little contrast difference between the 
PDMS matrix and the CNTs since CNTs are embedded within the PDMS matrix, therefore it is not possible 
to see the behaviour of individual CNTs with the resolution of our SEM. The SEM images were collected 
using the in-beam detector, which is more sensitive to charging of the sample, in order to detect the 
charging regions of the CNT-PDMS matrix to identify the isolated CNT regions when stretched as described 
in the working mechanism in Figure 6-2. The more the film is stretched the more it charged in certain 
regions which appear as bright sections, as shown in Figure B-1 below. 
 
 
Figure B-1. SEM images of the cross-section of the VA-CNT-PDMS sensor under different uniaxial tensile strains. (a) no strain, (b) 
10% strain, (c) 20% strain (d) 25% strain, (e) 40% strain, (f) 50% strain. The scale bar is 20 µm for all the samples. 
 
The SEM images of the HA-CNT-PDMS films were taken with the same approach under different 
uniaxial tensile strains are shown in Figure B-2. As the strain % was increased, the CNT fibers started to 
aling along the stretching direction whilst the scale-like gaps widened supporting the working mechanism 
defined in Figure 6-2 in Chapter 6.  
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Figure B-2. SEM images of the top view of the HA-CNT-PDMS sensor under different uniaxial tensile strains. (a) < 5% strain, (b) 
10% strain, (c) 20% strain (d) 25% strain, (e) 40% strain, (f) 50% strain. The scale bar is 200 µm for all the samples.  
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C. CNT Area Density Calculation based on Weight-gain Method:  
The area density can be estimated by estimating the weight gain for a given area of CNT forest, and 
calculating the mass per unit length of the CNTs using the mean diameter (estimated by the AFM and 
STEM analysis) and the average number of walls (estimated by the STEM images). A step by step guide by 
using the formula (5-1) and the calculated values in Table 5-1 is demonstrated below:  
If we assume that all the tubes grown have the same mass, 𝑚. The total mass of the CNT forest, 𝑀, can 
be calculated as 𝑀 = 𝑚𝑁, where 𝑁 is the number of nanotubes. Given that the CNTs are highly vertically 
aligned on a substrate with an area of 𝐴 with an identical length of 𝑙, then: 
 
𝑁 𝐴⁄ = (𝑀 𝐴𝑙)/(𝑚 𝑙⁄⁄ )  
 
Where 𝑁/𝐴 is the area density, 𝑀/𝐴𝑙 is the mass density, and 𝑚/𝑙 is the weight gain per single CNT unit 
length.  
The mass density then can be calculated based on the experimental results in Table 5-1:  
 
𝑀
𝐴𝑙
=
6.45 𝑚𝑔
25 𝑐𝑚2𝑥 500 µ𝑚
= 0.0052 g. cm−3  
 
The weight gain per unit length (𝑚/𝑙) can be derived from, average nanotube diameter, 𝑑, and the 
average number of nanotube walls, 𝑛, as shown below: 
A monolayer graphene has an area per unit mass of 1315 m2 g-1 for one side.239 A SWCNT is a rolled up 
graphene sheet, so 𝑚 𝑙⁄  can be estimated as 𝜋𝑑 1315⁄ . Then if the tubes are multi-walled, all walls should 
contribute to the mass. The diameter of the inner walls can be calculated based on the theoretical c-axis 
spacing of graphene of 0.34 nm.  
𝑑𝑖 = 𝑑 − 0.68(𝑖 − 1), 
 
where 1 ≤ 𝑖 ≤ 𝑛, then the aggregate diameter 𝐷, for 𝑛 number of walls (units in nm) is calculated by  
 
𝐷 = ∑ [𝑑 − 0.68(𝑛 − 1)] = [𝑛𝑑 − 0.34𝑛(𝑛 − 1)]1,𝑛 , 
 
therefore, using 1315 × 1018 𝑛𝑚2𝑔−1 for any kind of CNTs, the weight gain per unit mass can be 
estimated by:  
(1) 
(3) 
(4) 
(5) 
(2) 
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𝑚 𝑙⁄ =
𝜋𝐷
1315 ×1018
=  2.39 × 10−21𝐷 in g.nm-1 units 
When we plug in the values displayed in Table  5-1: 
 
𝐷 = ∑ [6 − 0.68(4 − 1)] = [4 × 6 − 0.34 × 4(4 − 1)]1,4 = 19.92 nm 
 
Then the weight gain per unit mass is  
 
𝑚 𝑙⁄ = 2.39 × 10−21𝐷 = 4.76 × 10−20 g.nm-1  
 
Finally, the CNT area density is estimated as:  
 
𝑁 𝐴⁄ = (𝑀 𝐴𝑙)/(𝑚 𝑙⁄⁄ ) =  
0.0052 𝑔. 𝑐𝑚−3
4.76 × 10−13𝑔. 𝑐𝑚−1
= 1.08 × 1010𝑐𝑚−2 
 
If we consider the errors originating from the average CNT diameter shown in Table 5-1 and calculate 
the CNT area density range by using the equations (1), (4) and (7), the average CNT area density value 
varies between 6.76 × 109 − 2.73 × 1010𝑐𝑚−2.  
 
 
 
 
 
 
 
 
 
 
 
 
(6) 
(7) 
(8) 
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